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ABSTRACT 
Microorganisms produce several types of extracellular structures that play 
important roles in cell-environment interactions. Some metal reducing anaerobic 
bacteria have been shown to produce electrically conductive extracellular 
nanofilaments termed as microbial nanowires (MNWs). These MNWs have been 
poorly explored in aerobic microorganisms so far. Thus the aim of this PhD 
project was to significantly extend the horizons of MNWs field by investigating it 
in aerobic microorganisms.  
Two cyanobacteria – Microcystis aeruginosa and Nostoc punctiforme were 
found to produce microbial nanowires and an earlier finding that Synechocystis, 
another cyanobacterium, can produce such structures was confirmed. MNWs 
produced by these microorganisms were characterized by using atomic force 
microscopy (AFM), transmission electron microscopy (TEM), bioinformatics 
tools and biochemical techniques and led to the conclusion that MNWs produced 
by Synechocystis are type IV pili (TFP) while those of M. aeruginosa are made up 
of an unknown protein product. In-silico analysis of Synechocystis pilA1, a 
subunit of TFP, showed that aromatic amino acids may be involved in electron 
transfer through TFP. Though we could not confirm the nature of MNWs in N. 
punctiforme, our study has led to identification of new type of pili-like structures 
(PLS) in this bacterium that were electrically conductive. As the earlier method 
for production of MNWs in Synechocystis was sophisticated, one of the objectives 
of this project was to identify a simple method for production of MNWs in 
cyanobacteria. In this direction, we have developed a simple method and 
identified optimum light and carbon concentrations which allow maximum 
production of MNWs in Synechocystis, M. aeruginosa and N. punctiforme. 
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To establish the possible functions of these MNWs in Synechocystis, the role 
of Synechocystis MNWs in cell-arsenic (As) interactions was investigated. As was 
observed to modulate number of TFP in Synechocystis along with growth 
stimulation and aggregation of cells. Both in-silico and TEM-energy dispersive 
X-ray spectroscopy (EDX) analysis showed that Synechocystis TFP can bind and 
immobilize As. The capacity of Synechocystis TFP to bind and immobilize As 
may be the result of its electro-conductive behaviour and assist cells to tolerate 
higher concentration of As by lessening cell membrane-As interactions.  
The potential role of Synechocystis MNWs in cell-chromium (Cr) interactions 
was investigated. In silico analysis indicated that Synechocystis TFP may have 
potential to bind Cr (VI). In TEM-EDX analysis of Cr treated cells, localisation of 
Cr (VI) was observed on Synechocystis TFP like structures whereas no such 
extracellular Cr deposits were observed in Cr (III) treated cells. The observed Cr 
precipitation may be the result of reduction of highly soluble and toxic Cr (VI) to 
less toxic and poorly soluble Cr (III). Hence, Synechocystis MNWs may be 
involved in extracellular detoxification and tolerance against chromium. 
    The experimental data presented in this thesis demonstrates that microbial 
nanowires may be widely present in aerobic microorganisms and may play a 
significant role in cell-metalloid/metal interactions. 
 
Note - All chapters of this thesis have been either published or submitted for 
publication to different journals. Due to the nature of this thesis (in publication 
mode), some repetition has occurred, especially in methods sections. Also there 
are few modifications with respect to the actual manuscript appearance in print 
and the arrangement of subheadings may differ in chapters as they have been 
arranged as per the relevant journal’s guidelines. 
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CHAPTER 1: Introduction 
 
1. Introduction  
This chapter presents an overview of this thesis. The background of the thesis is 
briefly introduced. The hypothesis and research objectives of this thesis are also 
presented and the thesis chapters are outlined. 
 
1.1. Brief Background 
Cyanobacteria are one of the oldest living organisms (around 3.5 billion years 
old), credited for making the atmosphere oxygenic (Scanlan, 2001; Vermaas, 
2001). They are also known as blue green algae so as to differentiate them from 
eukaryotic algae. Cyanobacteria are present in almost all environments ranging 
from fresh water to marine and hot springs to Antarctica and play a very 
important role in both terrestrial and aquatic ecosystems (Scanlan, 2001).  
Cyanobacteria are prokaryotic in nature, most of them are aerobic 
photoautotrophs (heterotrophy has been observed in some cases) with unicellular 
(e.g. Synechocystis) as well as multicellular (e.g. Nostoc punctiforme) structures 
(Mur et al. 1999; Schirrmeister et al. 2011). Unicellular cyanobacteria are present 
in spherical, oval-shaped or cylindrical forms and some of them form colonies 
which are concomitant with the secretion of a slimy matrix that helps in colony 
formation (Mur et al. 1999). Multicellular cyanobacteria are mainly present in 
filamentous form which occurs due to repetitive cell divisions in a single plane. 
Vegetative cells may differentiate into hormogonium (motile cell stage), 
heterocyst (nitrogen fixing cell) or akinetes (spores formed in unfavourable 
atmosphere) depending upon environmental conditions (Kumar et al. 2010; Mur 
et al. 1999).  
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Pili are proteinaceous hair-like appendages present on the external cell surface 
of both Gram positive and Gram-negative bacteria. These pili have been shown to 
perform different functions including attachment, DNA transfer, host cell 
recognition, phage binding, biofilm formation, twitching motility etc. Short pili 
called fimbriae have been observed in cyanobacteria (MacRae et al. 1977; Vaara 
and Vaara, 1988) and subsequent studies have led to the identification of pili in 
more than 20 diverse cyanobacterial strains. Pili were observed in six strains of 
Synechococcus, seven strains of Synechocystis, one strain each of Microcystis 
firma, Spirulina, Arthrospira, Oscillatoria, Nostoc and two unknown gliding 
strains (Vaara and Vaara, 1988). PLS have also been observed in Microcystis 
aeruginosa PCC 7806 and Nostoc punctiforme PCC 73102. Among these, pili of 
Synechocystis are very well studied while other are poorly explored so far.  
This thesis focuses on investigating electrically conductive pili i.e. MNWs 
produced by three different cyanobacteria i.e. Synechocystis sp. PCC 6803, M. 
aeruginosa PCC 7806 and N. punctiforme PCC 73120. The overall aim of the 
project was to identify whether MNWs were present in these organisms that 
previously were uncharacterised with respect to MNW status.  Biochemical and 
topographical characterization of the identified MNWs was carried out. Another 
component of the project was to investigate the potential physiological function of 
MNWs in cell-metal/metalloid interaction using Synechocystis as a model 
organism. Synechocystis has been used as a model organism for this work as we 
were able to confirm the identity of the MNWs in these cyanobacteria. 
 
1.2. Hypothesis 
  PLS in Synechocystis PCC 6803 have been found to be electrically conductive in 
CO2 limited culture conditions. Microcystis often encounters CO2 limiting and 
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high light intensity conditions in cyanobacterial blooms and both of these 
conditions have been shown to be necessary for production of MNWs in 
Synechocystis and making it electrogenic. This implies that within cyanobacterial 
blooms, Microcystis encounters environmental conditions which may be optimum 
for production of MNWs. From these observations, we hypothesize that M. 
aeruginosa may be producing MNWs under low CO2 and high light intensity 
conditions. Nostoc and Synechocystis have been observed to become electrogenic 
i.e. they transfer electrons extracellularly, under high light intensity conditions. 
As Nostoc punctiforme produces pili, we hypothesize that it might be producing 
MNWs under high light intensity. 
The expression of MNWs on bacterial surfaces significantly increases the 
surface area available for interaction with extracellular compounds. Such MNWs 
may help microorganisms to tolerate higher concentration of heavy metals by 
avoiding periplasmic accumulation (Cologgi et al. 2011). Based on the above 
properties it may be likely that MNWs can play important role in cell-metal 
interaction and we tested this hypothesis for Synechocystis MNWs.  
 
1.3. Objectives 
Based on the above hypothesis the following objectives were proposed: 
1) To determine optimal light and carbon concentrations for production of 
MNWs in Synechocystis, M. aeruginosa and N. punctiforme  
2) To explore the possibility of MNWs formation in M. aeruginosa and N. 
punctiforme and confirm the same for Synechocystis. 
3) To carry out biochemical, microscopic and in-silico characterization of 
Synechocystis, M. aeruginosa and N. punctiforme MNWs   
4) To explore the potential role of Synechocystis MNWs in cell-As interactions 
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5) To explore the potential role of Synechocystis MNWs in cell-Cr interactions 
 
1.4. Outline of the thesis 
This thesis has been divided into six chapters. The first chapter gives brief 
background of the thesis along with hypothesis and objectives of PhD work. The 
second chapter is a literature review. The third chapter describes fundamental 
studies of cyanobacterial MNWs and has been further divided into two subparts – 
A and B. Part A of this chapter discusses MNWs in Synechocystis and M. 
aeruginosa while Part B is about MNWs in N. punctiforme.  The succeeding 
chapters deal with potential role of MNWs in cell-metalloid/metals interactions. 
The fourth chapter of this thesis is based on Synechocystis-As interactions while 
fifth chapter discusses Synechocystis-Cr interactions. Chapter six summarises the 
work done and highlights the major conclusions of this study. All chapters of this 
thesis have been published or are submitted in peer-reviewed journals. Some 
additional work, which we could not add in published/submitted manuscripts, has 
been detailed in appendices. 
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CHAPTER 2: Literature Review 
This Chapter has been submitted as a review article, details of which are 
mentioned below; 
Title: Microbial Nanowires: An Electrifying Tale 
Authors: Sandeep Sure, M Leigh Ackland, Angel AJ Torriero, Alok Adholeya, 
Mandira Kochar 
Submitted to Journal: RSC Advances 
 
To meet the requirements of the thesis format, Conclusion section from above 
mentioned paper has been removed from this Chapter and has been rewritten as a 
part of Chapter 6 in this thesis.  
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Abstract 
Electromicrobiology has gained momentum in the last ten years with advances in 
microbial fuel cells and the discovery of microbial nanowires (MNWs). The list 
of MNWs producing microorganisms is growing slowly and providing intriguing 
insights into the presence of such microorganisms in diverse environments and 
the varied roles MNWs can perform. This review has succinctly presented 
information on MNWs produced by different microorganisms, including their 
structure, composition and possible functions. It also discusses the key issues of 
this field including the mechanisms of electron transfer through MNWs. Two 
hypotheses, metallic-like conductivity and an electron hopping model, have been 
proposed for electron transfer and we present a current understanding of both 
these hypotheses. MNWs are not only poised to change the way we see 
microorganisms but may also impact the fields of bioenergy, biogeochemistry and 
bioremediation, thus their potential applications in these fields have been 
highlighted here. This chapter aims to acquaint readers with this exciting topic to 
encourage more research that will expand the horizons of this emerging area. 
 
2.1. Introduction 
Microorganisms are known to produce different sophisticated nanomachines [e.g. 
bacterial flagellar nanomotor, (Chalmeau et al. 2009)] which are comprised of 
different biomolecules including proteins. Scientists are using peptides and 
proteins as building blocks for construction of nanodevices including sensors and 
drug delivery vehicles (Petrov and Audette, 2012; Rosenman et al. 2011; Scanlon 
and Aggeli, 2008). Several peptide nanotubes have been built and the same can be 
used as a casting module for synthesis of metal nanowires (Reches and Gazit, 
2003; Scanlon and Aggeli, 2008). 
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One desired property of peptide/protein nanotubes is electrical conductivity. 
Such electrically conductive nanotubes i.e. nanowires are an essential requirement 
in the field of nanoelectronics. Most biomolecules made of natural amino acids 
are insulating (Scanlon and Aggeli, 2008) and thus the efforts were made to build 
protein nanotubes with conductive properties that in turn can act as nanowires 
(Creasey et al. 2015; Scanlon and Aggeli, 2008). However, what humans aspired 
to create was already synthesized by nature and came into light in 2005, when 
Reguera et al. (Reguera et al. 2005) discovered electrically conductive protein 
nanofilaments in Geobacter sulfurreducens. These electrically conductive 
nanofilaments were termed as microbial nanowires (MNWs). This discovery 
opened many new avenues of research in nanotechnology and microbiology. This 
chapter deals with MNWs produced by diverse microorganisms and presents the 
current understanding of all possible aspects of MNWs. 
 
2.2. Discovery of microbial nanowires in different microbes 
As a part of anaerobic respiration, some bacteria are capable of transferring 
electrons to extracellular electron acceptors in a process termed extracellular 
respiration (Lovley, 2008). Extracellular respiration is commonly found in metal 
reducing bacteria like G. sulfurreducens and Shewanella oneidensis. Three 
possible strategies by which extracellular respiration is carried out by bacteria 
have been proposed; first, bacteria transfer electrons directly to metals through 
proteins present on the cell surface (Fig. 2.1a); second, metal chelators (e.g. 
citrate and nitrilo-triacetic acid) deliver metals to intracellular metal 
oxidoreductases (Fig.2.1b) or finally small molecules (e.g. humic substances) act 
as a shuttle to transfer electrons between the cell and substrate (Fig.2.1b) 
(Gralnick and Newman, 2007; Richardson, 2000). An additional strategy was 
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added in this list with the discovery of MNWs in G. sulfurreducens which were 
identified as type IV pili (TFP) and found to be necessary for reduction of 
extracellular Fe (III) oxides (Fig. 2.1c) (Reguera et al. 2005). The conductivity of 
proteins was studied earlier also (Xu et al. 2005) but the conductive behaviour of 
such a large protein moiety and their direct role in long range extracellular 
electron transfer had not been reported. G. sulfurreducens is also known to 
produce flagella which were found to be non-conductive (Malvankar et al. 2014). 
Similar studies were also done on PLS of S. oneidensis and Pseudomonas 
aeruginosa, but these PLS were found to be non-conductive (Reguera et al. 2005). 
However, previously reported non-conductive PLS of S. oneidensis were 
conclusively proved to be electrically conductive in the following year by a 
different research group (Gorby et al. 2006). There may be three reasons for the 
failure to detect MNWs in S. oneidensis in the first attempt, the first being 
cultivation conditions. Complex medium i.e. Luria Bertani medium was used in 
the first study (Reguera et al. 2005), compared to stressful culture conditions in 
the form electron acceptor limiting conditions in the second (Gorby et al. 2006); 
with the latter likely inducing the formation of MNWs in S. oneidensis. The 
second reason could be the delicate nature of bacterial pili (5-8nm in diameter) 
(Gorby et al. 2006; Pelicic, 2008; Simpson et al. 1976), while lastly, there may be 
a tendency of some microorganisms to produce multiple pili like structures e.g. 
type II pseudopilus and thus the PLS probed by Reguera et al. may be different 
one (Durand et al. 2003; Gorby et al. 2006). 
 
   
   12
 
Fig. 2.1 Strategies by which bacteria can transfer electrons extracellularly to 
electron acceptors (metals or anode of microbial fuel cell). Bacteria can transfer 
electrons extracellularly by direct attachment to metal or anode surface of 
microbial fuel cell (a) or employ  metal chelators or small molecules as a 
mediator for electron transfer (b) or can use  microbial nanowires (red lines) for 
same (c) 
 
 
MNWs have also been observed in iron (Fe) reducing bacterium 
Rhodopseudomonas palustris strain RP2,  (Venkidusamy et al. 2015) and in 
sulphate (SO42−) reducing  bacterium Desulfovibrio desulfuricans (Eaktasang et 
al. 2016). MNWs were not only observed in Fe and SO42− reducing bacteria as 
discussed above, but they were also identified in Fe oxidizing bacterium i.e. 
Acidithiobacillus ferrooxidans (Li and Li., 2014). With this discovery, it was 
hypothesized that, MNWs may connect cells to extracellular electron donors and 
acceptors (Li and Li., 2014). 
Considering the role of MNWs in electron transfer, it was hypothesized that 
such conductive structures might be present in pathogenic microbial biofilms 
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residing in anaerobic zones of oral cavities (Rabaey, 2010). This hypothesis was 
proved true when MNWs were observed in microbial biofilms which causes 
bisphosphonate-related osteonecrosis of the jaw (BRONJ) (Wanger et al. 2013). 
These MNWs were found to interconnect different cells and appeared as PLS. 
This biofilm was found to be colonized by around fifteen discernible bacterial 
morphotypes, mostly anaerobic and facultatively anaerobic, constituting genera of 
Staphylococcus, Bacillus, Fusobacterium, Actinomyces, Streptococcus, 
Selenomonas and Treponema but the specific MNWs producing microorganisms 
amongst these could not be identified. This was the first time that MNWs were 
found to be associated with human pathogens.  
Apart from metal reducing and pathogenic microorganisms, MNWs have also 
been observed in photosynthetic bacteria. Initial reports showed that 
Synechocystis, which is a unicellular cyanobacterium, can produce MNWs in 
electron acceptor (CO2) limiting and high light conditions (Gorby et al. 2006). 
Taking the clue from this initial study, our group explored the possibility of 
MNWs formation in other cyanobacteria. Some cyanobacteria become 
electrogenic (transfer electrons extracellularly) under high light intensity 
conditions and Synechocystis as well as Nostoc sp. have been shown to exhibit 
such type of electrogenic behaviour (Pisciotta et al. 2010). Further, Microcystis 
aeruginosa also encounter CO2 limitation and get exposed to high light intensity 
when they form blooms. This led us to hypothesize that M. aeruginosa and N. 
punctiforme might be producing MNWs which were later confirmed by 
conductive AFM analysis (Sure et al. 2015; Sure et al. 2016). The discovery of 
MNWs in such diverse microorganisms ranging from anaerobic, metal reducing 
bacteria to photo synthetic, aerobic cyanobacteria strengthen the earlier 
hypothesis that they may be pervasive in the environment. The images and - 
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Fig. 2.2 Diverse microorganisms that can produce microbial nanowires (MNWs). 
(a) Geobacter sulfurreducens, an anaerobic, dissimilatory metal reducing bacteria 
(DMRB). Inset shows nanowires at higher magnification. Scale bar, 0.2μm (TEM 
image) (Reprinted by permission from Macmillan Publishers Ltd: Nature, 
Reguera et al. 2005 ©2005); (b) Shewanella oneidensis, a facultative anaerobic, 
DMRB (AFM image). Inset shows in vivo fluorescence image of same cell. The 
image has been color edited (Adapted from Pirbadian et al. 2014 ©National 
Academy of Sciences); (c) Rhodopseudomonas palustris strain RP2, 
photosynthetic DMRB, metabolically versatile (Reproduced from Venkidusamy 
et al. 2015 with permission from The Royal Society of Chemistry); (d) 
Synechocystis PCC 6803 and (e) Microcystis aeruginosa PCC 7806 which are 
aerobic, unicellular photosynthetic microorganisms (TEM images) (With kind 
permission from Springer Science+Business Media: Sure et al. 2015 ©Springer 
Science + Business Media); (f) Nostoc punctiforme PCC 73120 an aerobic, 
multicellular and filamentous photosynthetic microorganism (Sure et al. 2016) 
(TEM image); (g) Desulfovibrio desulfuricans, an obligate anaerobe, sulphate 
reducing (Adapted from Eaktasang et al. 2016©Elsevier); (h) Pelotomaculum 
thermopropionicum and Methanothermobacter thermoautotrophicus (shown with 
filled arrow) which are syntrophic methanogenic cocultures (SEM image) 
(Adapted from Gorby et al. 2006 ©National Academy of Sciences); (i) 
Aeromonas hydrophila a facultative anaerobe (SEM image) (Adapted from Castro 
et al. 2014 ©Elsevier); (j) Unknown bacteria from BRONJ affected bone (AFM 
image). The image has been color edited (Adapted from Wanger et al. 2013 
©Elsevier). MNWs are also produced by Acidithiobacillus ferroxidans (not 
shown here) (Li and Li., 2014). MNWs have been shown with open arrows in all 
images  
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information regarding MNWs producing microorganisms discovered to date are 
shown in Fig. 2.2. 
Different modes of AFM including conductive AFM, STM, electrostatic force 
microscopy and specially designed nanofabricated electrodes are established 
techniques for identification and electrical characterization of MNWs produced 
by different microorganisms (Castro et al. 2014; Gorby et al. 2006; Li and Li., 
2014; Malvankar et al. 2014; Reguera et al. 2005; Sure et al. 2015; Sure et al. 
2016; Venkidusamy et al. 2015; Wanger et al. 2013). 
 
2.3. Types of microbial nanowires 
Diverse microorganisms have been observed to produce MNWs (Fig. 2.2) and 
their composition and nature have been found to be different from each other. 
According to available data, MNWs can be categorized into three types; 1) Pili 
and flagella; 2) Extended periplasmic and outer membranes and 3) Unknown 
types (Fig. 2.3). These three types are discussed as below;  
2.3.1. Pili and Flagella 
MNWs in G. sulfurreducens, A. ferroxidans and Synechocystis sp. have been 
found to be TFP which are the most widespread type of pili present among 
bacteria (Li and Li., 2014; Pelicic, 2008; Reguera et al. 2005; Sure et al. 2015). 
Apart from common functions like adhesion and biofilm formation exhibited by 
most other bacterial pili, TFP possess unique functional characteristics which 
include twitching motility, uptake of DNA in transformation and phage 
attachment (Pelicic, 2008; Proft and Baker, 2009). In addition to these functions, 
their electron carrying capacity further increases their significance as 
multifunctional extracellular structures. MNWs in G. sulfurreducens are polymers 
of PilA subunit while same is PilA1 for Synechocystis (Fig. 2.3a-b) (Reguera et 
al. 2005; Sure et al. 2015). Though MNWs from both microorganisms are TFP, 
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the molecular weight (MW) of their subunits (~10kDa for G. sulfurreducens 
while ~22kDa for Synechocystis) and dimensions (width/length - 3-5nm/10-20μm 
and 4.5-7nm/2-10μm for G. sulfurreducens and Synechocystis, respectively) 
differ from each other (Lovley et al. 2009; Lovley, 2011; Sure et al. 2015). In G. 
sulfurreducens, cytochromes are found to be associated with MNWs and its role 
in electron transfer through MNWs is disputed (Malvankar et al. 2011a; 
Malvankar et al. 2011b; Strycharz-Glaven et al. 2011; Strycharz-Glaven and 
Tender, 2012). It needs to be explored whether Synechocystis MNWs are 
embedded with cytochromes and the potential role of the latter in electron 
transfer. MNWs in A. ferroxidans may be made up of PilV and PilW proteins (Li 
and Li., 2014). The MNWs from different microorganisms or within same 
microorganisms will not always look the same and will vary in width and length 
due to two reasons; 1) TFP have bundle forming ability as a result of which their 
observed width may vary; 2) Concerning the length, it may depend on age of 
culture and sample preparation methods which may lead to breakage of long, 
delicate pili. 
Pelotomaculum thermopropionicum produces electrically conductive 
flagellum-like appendages (10-20nm in diameter) in monoculture as well in 
coculture with Methanothermobacter thermoautotropicus (Gorby et al. 2006). 
Studies have shown that these flagella-like appendages of P. thermopropionicum 
in cocultures with M. thermoautotropicus are indeed flagella and are involved in 
symbiosis (Shimoyama et al. 2009). 
 
2.3.2. Extended periplasmic and outer membranes 
S. oneidensis possess three different types of extracellular proteinaceous 
appendages i.e. Msh pili, TFP and flagella (Bouhenni et al. 2010), but it was not 
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clear which one of these acts as MNWs. Msh pili has been shown necessary for 
extracellular electron transfer (Fitzgerald et al. 2012), while TFP and flagella have 
been shown as unnecessary for the same (Bouhenni et al. 2010). However, 
Pirbadian et al. showed that MNWs in S. oneidensis are made up of outer 
membrane vesicle chains which subsequently elongates and become MNWs (Fig. 
2.3c) (Pirbadian et al. 2014). Unlike pili and flagella, which are mostly 
homopolymers of single subunit, MNWs in S. oneidensis are a concoction of 
different cytochromes and periplasmic as well as outer membrane components. 
The formation of outer membrane vesicle chains and tubes has been reported in 
Myxococcus xanthus (Remis et al. 2014; Wei et al. 2014). Also, the ability of 
peptide nanotubes to convert into vesicles and vice versa is well known (Scanlon 
and Aggeli, 2008). Thus, it would not be surprising to know that MNWs in S. 
oneidensis are formed in similar manners. 
As discussed earlier, S. oneidensis is known to produce pili/flagella and it is 
puzzling why it employs a completely different strategy to produce MNWs. The 
role of MNWs in S. oneidensis physiology and metabolism is still largely 
unknown and deciphering it may help us understand the reason behind its 
completely different make-up from other MNWs. However, so far it was not ruled 
out that other structures (i.e. pili and flagella) in S. oneidensis cannot conduct 
electrons. All extracellular structures produced by S. oneidensis should be isolated 
and studied independently for their conductive behavior. Only then it would be 
possible to claim that MNWs produced by S. oneidensis are outer and periplasmic 
membrane extensions only and not pili or flagella.  
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2.3.3. Unknown type – Microbial nanowires whose identity need to be 
confirmed 
Pili-like conductive structures have been identified in A. hydrophila, R. palustris, 
D. desulfuricans and N. punctiforme but their identity have not been confirmed so 
far (Castro et al. 2014; Eaktasang et al. 2016; Venkidusamy et al. 2015; Sure et al. 
2016). Two distinct types of MNWs; first, short/thin MNWs of size 6-7.5nm in 
diameter and 0.5-2μm in length and second, long/thick MNWs of size ~20-40nm 
in diameter and ≥10μm long were observed in N. punctiforme (Sure et al. 2016). 
The identity of MNWs from multispecies biofilms observed in BRONJ could also 
not be confirmed (Wanger et al. 2013). MNWs in M. aeruginosa have been found 
to be composed of a protein similar to an unnamed protein (GenBank : 
CAO90693.1) whose sequence does not match with any known protein (Sure et 
al. 2015). Unlike others, MNWs in M. aeruginosa are wider and may be made of 
two subfilaments or contain central channel inside it (Fig. 2.3d-f) (Sure et al. 
2015). More elaborate studies are needed to further confirm the identities of 
above mentioned MNWs.  
 
2.4. Physiological role of microbial nanowires 
As discussed in the previous sections, MNWs are produced by diverse 
microorganisms and have varied compositions and thus may perform different 
functions as per the physiological requirements of the cells. Some of the observed 
and hypothesized functions of MNWs are discussed below. 
MNWs can act as a conduit between cell and extracellular electron 
acceptor/donors thereby mediating to and fro electron transfer. For instance, in 
metal reducing microorganisms like G. sulfurreducens, it was observed that 
MNWs can help bacteria to transfer electrons to electron acceptors (e.g. metals) - 
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Fig.  2. 3 Three types of microbial nanowires (MNWs) observed to date. 1) 
MNWs made of type IV pili (TFP) as observed in Geobacter sulfurreducens and 
Synechocystis are made up of subunits i.e. PilA (a) and PilA1 (b), respectively. 
Both these subunits differ in their structure at C-terminal and number and 
positioning of aromatic amino acids (shown with red colour) (With kind 
permission from Springer Science+Business Media: Sure et al. 2015 ©Springer 
Science + Business Media); 2) MNWs made of extended periplasmic and outer 
membranes along with cytochromes (e.g. MtrC, OmcA etc.) as observed in 
Shewanella oneidensis (c) (Adapted from Pirbadian et al. 2014 ©National 
Academy of Sciences); 3) Unknown MNWs as observed in Microcystis 
aeruginosa and other microorganisms. In M. aeruginosa, MNWs was found to be 
made up of unknown protein (GenBank : CAO90693.1) and from its TEM image 
(d), it seems that it is either made of two subfilaments (e) or contains central 
channel (f) (With kind permission from Springer Science+Business Media: Sure 
et al. 2015  ©Springer Science + Business Media) 
 
available at a distance without the need of direct cell attachment or dissolved 
electron shuttles (Reguera et al. 2005). Also in metal oxidizing microorganisms 
like A. ferrooxidans, MNWs may have the ability to transfer electrons to the cell 
surface thus greatly helping cells to access electron donors at a distance (Li and 
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Li., 2014). In anaerobic environments, photosynthetic microorganisms can use As 
as electron donor (Kulp et al. 2008) and here MNWs can play an important role to 
bridge the gap between the cells and any available electron donor like As. Our 
preliminary studies have shown that Synechocystis MNWs can bind and 
immobilize As and thus may act as a conduit of electrons between cells and As. 
Due to their ability to interact with metals, MNWs can act as a protective cellular 
mechanism against toxic metals (Fig. 2.4) (Cologgi et al. 2011).  
Apart from extracellular electron acceptor/donor, MNWs can also conduit of 
electrons between two different cells. For instance, occurrence of interspecies 
electron transfer in Geobacter metallireducens and G. sulfurreducens was 
observed in coculture (Summers et al. 2010). Such interspecies electron transfer 
was also investigated in methanogenic wastewater aggregates where it was 
hypothesized that microorganisms can directly transfer electrons to each other, 
rather than use hydrogen and formate as intermediate electron carrier (Morita et 
al. 2011). It is hypothesized that MNWs may be involved in such type of 
interspecies electron transfer. Apart from interspecies electron transfer, MNWs 
have also been implicated in electron transfer between bacteria and archaea 
(Wegener et al. 2015). Further, cyanobacteria are an important constituent of the 
microbial mat and thus it is also hypothesized that cyanobacteria transfer 
electrons to other microorganisms present in the microbial mat (Gorby et al. 2006; 
Lea-Smith et al. 2015). Such MNWs mediated electron transfer between two 
microorganisms can also be part of cell communication/signaling (Reguera, 
2011). For instance, it has been observed that MNWs of G. sulfurreducens leads 
to the formation of electronic networks which interconnect individual cells  
(Reguera, 2011). Furthermore, MNWs in G. sulfurreducens have been found to be 
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conductive even at low voltage which is in accordance with the electronic 
communication occurring between cells ( Reguera et al. 2005; Reguera, 2011). 
 
 
Fig.  2.4 Potential role of TFP in cell-metal interaction. Schematic representation 
of how TFP/microbial nanowires can reduce interaction between cell membrane 
and toxic metals and can act as a protective barrier against latter  
 
Apart from these general roles, MNWs might be involved in specific functions. 
For example, in carbon limiting conditions, the component of photosynthetic 
apparatus- plastoquinone (PQ) gets over reduced due unavailability of carbon 
dioxide to sink electrons. It is hypothesized that MNWs may help cyanobacteria 
to release these extra electrons present on PQ so as to restrict cell damage (Gorby 
et al. 2006; Lea-Smith et al. 2015; Pisciotta et al. 2010). MNWs produced in M. 
aeruginosa might be important for bloom formation while those of N. 
punctiforme may be involved in plant symbiosis (Duggan et al. 2007; Sure et al. 
2015; Sure et al. 2016). 
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2.5. Mechanism of electron transfer through microbial nanowires  
With the discovery of MNWs, efforts to understand the mechanism of electron 
flow were commenced. The mechanism of electron transfer in MNWs has been 
extensively studied in two microorganisms i.e. G sulfurreducens and S. 
oneidensis. Interestingly, MNWs from both these microorganisms show different 
conductive behaviour. The MNWs in G sulfurreducens has been shown to have 
metallic like conductivity (Fig. 2.5a) while same in S. oneidensis has been shown 
to conduct electrons by multistep hopping (Fig. 2.5b). This difference in 
conductivity may be attributed to the difference in their structures and 
compositions as discussed earlier. Both major proposed mechanisms of electron 
transfer through MNWs have been discussed here. 
2.5.1. Metallic like conductivity model 
Elaborate experiments in G. sulfurreducens showed that its MNWs have intrinsic 
metallic like electrical conductivity which is comparable to carbon nanotubes and 
some organic conductors (Malvankar et al. 2011b; Malvankar et al. 2012; 
Malvankar et al. 2014; Malvankar et al. 2015). This observation was distinct from 
an electron hopping mechanism observed in biological systems like 
photosynthetic reaction centres (Feliciano et al. 2012). Some of the important 
properties which support metallic like conductivity model for G. sulfurreducens 
MNWs and biofilms are their temperature and pH dependent electrical behaviour. 
This observation was also supported by structural studies where lower pH has 
shown to induce conformational changes in aromatic amino acids which thereby 
causes higher conductivity in Geobacter pili (Malvankar et al. 2015).  
In synthetic organic metals, electron transfer is attributed to overlapping π-π 
orbitals of aromatic rings present in it. Proteins also contain several aromatic 
amino acids whose aromatic constituents can play a role similar to that of organic 
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metals in electron transfer. It is observed that aromatic amino acids are located 
along the length of the geopilin which are considered to be a part of a relay 
pathway involved in intramolecular as well as intermolecular electron transfer 
(Feliciano et al. 2012; Reguera et al. 2005). In silico analysis of PilA1 of 
Synechocystis MNWs has also shown that strategically placed aromatic amino 
acids might be involved in electron transfer through them (Sure et al. 2015). To 
confirm the role of these aromatic amino acids in electron transfer, a Geobacter 
strain, Aro-5 was constructed (Vargas et al. 2013). In Geobacter Aro-5, five 
aromatic amino acids of PilA, the pili subunit were replaced with alanine and it 
was observed that the resultant modified pili showed considerable diminished 
electrical conductivity and ability to reduce Fe (III) compared to the pili of the 
control strain (Vargas et al. 2013). Though this study confirmed that aromatic 
amino acids play an important role in conductivity of G. sulfurreducens pili and 
its biofilm, it is still unclear how modified pili are able to show residual electrical 
conductivity. Further, the removal of aromatic amino acids may be altering the 
3D structure of pili and thereby the positioning of cytochromes on pili, which can 
ultimately decrease pili conductivity (Boesen and Nielsen, 2013). This is 
important considering the fact that tilting of molecules and interplanar distances 
have the potential to affect charge transport (Yan et al. 2015). However, 
experimental data generated using techniques like synchrotron X-ray 
microdiffraction and rocking-curve X-ray diffraction have strongly supported the 
role of aromatic amino acids in long distance electron transfer and reinforced 
metallic like conductivity mechanism in Geobacter pili (Malvankar et al. 2015). 
The importance of intrinsic pili structure of G. sulfurreducens in electron 
transfer was further studied where the pilA gene of G. sulfurreducens was 
replaced with the pilA gene from Pseudomonas aeruginosa (Liu et al. 2014). The 
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resultant strain was able to produce and assemble P. aeruginosa PilA subunits 
into pili and interestingly these hybrid pili had the same pattern of cytochromes as 
that of control cells. But the conductivity of these hybrid pili was found to be 14 
times lesser than normal pili with significantly diminished ability to reduce iron 
and current generation. From these observations, authors suggested the intrinsic 
structures of Geobacter pilus and not associated cytochromes, are important for 
electron transfer through it. However, as the pili of P. aeruginosa have been 
found non-conductive in the earlier study (Reguera et al. 2005), the hybrid pili 
here should also show non-conductive behaviour if the conductivity is 100% 
related to intrinsic structure of pili. Since the pili show diminished conductivity, 
the basis needs to be worked out unambiguously to reach any conclusion.  
The cytochromes located on Geobacter pili were hypothesized to be terminal 
reductases which transfer electrons from pili to electron acceptors like Fe (III) 
(Malvankar et al. 2014) and not the one playing a role in electron transport. 
Malvankar et al. stressed that electron hopping does not meet the necessary 
biochemical requirement for electron transfer through pili. They reported that 
OmcS cytochromes assumed to be involved in electron transfer along the length 
of pili are too far from each other to carry out electron transfer as per the electron 
hopping model (Malvankar et al. 2012). They also reported that denaturing 
cytochromes in G. sulfurreducens pili networks and biofilms does not affect the 
electrical conductivity, thus ruling out any role of cytochromes in electron 
transfer through pili and biofilms (Malvankar et al. 2011b; Malvankar et al. 
2012). Further, STM analysis of G. sulfurreducens MNWs supported these 
findings where electron transfer is attributed to the intrinsic pili structure, and not 
to the cytochromes (Veazey et al. 2011). From all above observed results (Leang 
et al. 2010; Malvankar et al. 2011b; Malvankar et al. 2012), scientists refuted the 
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electron hopping model for electron transfer in G. sulfurreducens MNWs and 
proposed metallic like conductivity model for same (Malvankar et al. 2011a; 
Malvankar and Lovley, 2012). 
Though multiple evidences were given to support metallic like conductivity 
model, most of the results were generated from a single lab while results 
generated from other labs do not support it. For example, Strycharz-Glaven et al. 
disagreed with many of the results supporting metallic like conductivity in G. 
sulfurreducens MNWs (Strycharz-Glaven et al. 2011; Strycharz-Glaven and 
Tender, 2012). According to them, as physiologically relevant conditions were 
not used, obtained results should not be considered as an evidence for metallic 
like conductivity observed in MNWs. They also stated that, as per electron 
hopping model, a decrease in pH would increase the conductivity of bacterial 
nanowires, but not decrease it as mentioned by Malvankar et al. (Malvankar et al. 
2011a). They also argued that it is the “spatial organization of cytochromes” that 
is more important for electron transfer through pili and biofilms, but not the 
numbers and raised questions over the accuracy of the cytochrome denaturing 
experiments (Malvankar et al. 2011b; Malvankar et al. 2012; Strycharz-Glaven et 
al. 2011; Strycharz-Glaven and Tender, 2012). Further, molecular dynamic 
simulations studies showed that aromatic amino acids in Geobacter pili have 
parallel displaced or T-shaped conformations as against sandwich confirmations, 
latter of which is necessary for metallic conductance (Feliciano et al. 2015). Thus 
this study suggested that mechanisms of electron transfer through Geobacter pili 
may be multistep hopping and metallic regime, if exist, may be transient 
(Feliciano et al. 2015). However, this study reported that long range multistep 
hopping might be possible in Geobacter pili with the help of aromatic amino 
acids and thus supported the earlier claim that aromatic amino acids are essential 
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for electron transfer through Geobacter pili. Contrary to these findings, structure 
to property studies of Geobacter pili by another group concluded that 
interaromatic electron transfer may not be the mechanism of conductivity in it 
(Yan et al. 2015). There are also other studies which do not support metallic like 
conductivity model in G. sulfurreducens MNWs (Lebedev et al. 2015; Yates et al. 
2015). 
In conclusion, metallic like conductivity model may likely change the 
definition of electron transfer occurring through biological systems and this is 
predicted to attract lot of criticism and if correct, will take its own time to get 
accepted by the scientific community. More rigorous studies by multiple research 
groups need to be carried out to resolve all present ambiguities and to reach a 
consensus.  
 
2.5.2. Electron hopping model  
In prokaryotes and eukaryotes, long range transfer of electrons is a common 
phenomenon (e.g. photosynthesis, respiration etc.) where proteins act as an 
intemediator between electron donors and acceptors. Quantitative measurement of 
electron transport across S. oneidensis MNWs showed that a complex electronic 
structure formed by its molecular constituents mediates electron transport in it 
(El-Naggar et al. 2008). It has been proved that S. oneidensis MR-1 requires 
cytochromes, MtrC and OmcA for production of MNWs (El-Naggar et al. 2010; 
Gorby et al. 2006). Both of these cytochromes are located on the outer membrane 
of the cell. Contrary to intrinsic metallic like conductivity proposed for Geobacter 
pili, scientists hypothesized that long range electron transfer through S. oneidensis 
MNWs takes place by electron hopping where intricate cytochrome network may 
be involved (Strycharz-Glaven et al. 2011; Tender, 2011) and multiple 
experimental and modelling studies have confirmed this hypothesis (El-Naggar et 
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al. 2010; Gorby et al. 2006; Leung et al. 2013; Pirbadian and El-Naggar, 2012; 
Polizzi et al. 2012). A recent study has reported that MNWs in S. oneidensis are 
composed of extended periplasmic and outer membranes embedded with 
cytochromes (Fig. 2.3c) which further supports the electron hopping model 
(Pirbadian et al. 2014). Unlike metallic-like conductivity, this model did not 
attract strong criticism as both experimental and theoretical studies carried out by 
multiple research groups complemented each other and thus this model is widely 
accepted by the scientific community. Interested readers are referred to specific 
reviews on this topic (Skourtis, 2013; Waleed Shinwari et al. 2010). 
 
 
Fig. 2.5 Mechanism of electron flow through MNWs. (a) Metallic like 
conductivity model in which delocalized electrons knock against each other like 
billiard balls, thereby passing the electric charge to next one as they move and (b) 
Electron hopping model in which charges hop from one cytochrome to other 
 
 
2.6. Potential applications of microbial nanowires 
One reason behind the widespread attention gained by MNWs is the potential 
applications of this in several fields. Below we discuss some fields where MNWs 
can play an important role; 
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2.6.1. Bioenergy 
For production of highly efficient microbial fuel cells, electron transfer should 
occur through biofilms so that even microorganisms which are away from anode 
can transfer electrons to it, thereby increasing total current output (Nwogu, 2007). 
Even for planktonic cells, long range electron transport is necessary to improve 
the efficiency of microbial fuel cells. Soluble electron shuttles (natural as well as 
artificial) and MNWs can be useful for such long range electron transfers (Fig. 
2.1). Electron shuttles to be used for long range electron transfer have their own 
disadvantages - natural electron shuttles have slow diffusion rate which limits 
total electron flux rates while lack of long term stability and toxicity to humans 
are the issues for artificial electron shuttles (Malvankar and Lovley, 2012).  
MNWs thus can play important role in improving the overall efficiency of 
microbial fuel cells. In G. sulfurreducens, these MNWs help cells to make 
efficient contact with electrodes by acting as a bridge between cells and 
electrodes, thus enabling long range electron transfer through biofilm. This long 
range electron transfer thus have been shown to increase electricity production by 
10 times (Reguera et al. 2006). On the same line, MNWs producing 
photosynthetic microorganisms (Gorby et al. 2006; Sure et al. 2015; Sure et al. 
2016) may be helpful in improving the efficiency of  photosynthetic MFC and 
microbial solar cells (Rosenbaum et al. 2010; Strik et al. 2011). 
Methane is considered as important renewable energy source which can be 
generated by anaerobic digestion of wastewater and biomass (Angenent et al. 
2004; De Mes et al. 2003; Prochnow et al. 2009). MNWs  may help in direct 
transfer of electrons in syntrophic methane producing microbial communities 
(Rotaru et al. 2014; Morita et al. 2011; Summers et al. 2010; Wegener et al. 2015) 
and this property of MNWs can be exploited further for improved methane 
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production in anaerobic digesters. Interested readers are referred to specific 
reviews on this topic (Lovley, 2011; Malvankar and Lovley, 2014).  
 
2.6.2. Bioremediation 
Shewanella and Geobacter have been extensively studied for bioremediation of 
heavy metals and discovery of MNWs in these microorganisms have further 
increased their potential in this field. It has been shown that MNWs can play 
important role in bioremediation of a heavy metal like uranium where they can 
reduce soluble U (VI) to sparingly soluble U (IV) (Cologgi et al. 2011). Presence 
of MNWs in G. sulfurreducens has been shown to significantly mineralize more 
uranium per cell than a MNW deficient mutants apart from increasing its 
tolerance to uranium by preventing its periplasmic accumulation as suggested in 
Fig. 2.4 (Cologgi et al. 2011). Further, such MNWs considerably increase the 
total surface area available for heavy metal adsorption and subsequent 
detoxification. MNWs in Synechocystis also have been observed to precipitate Cr 
and As and thus may be helpful in their bioremediation (Sure et al. J. Envt. Sci., 
submitted). Readers may refer to specific review on this topic (Lovley, 2011). 
 
2.6.3. Bioelectronics  
Due to their metallic and semiconductor like behavior, MNWs can be potential 
candidate and rivals for existing nanowires of different materials, latter of which 
are being explored for diverse applications. Scientists believe that MNWs will 
allow us to develop instruments usable in water and moist environments 
(Malvankar and Lovley, 2012). Furthermore, Leung et al. characterized S. 
oneidensis MNWs and showed that they have enough mechanical strength 
(Young’s modulus ~1 GPa) to use it as a building block for construction of 
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electronic devices (Leung et al. 2011). The MNWs can be modified using genetic 
and protein engineering, so different ligands can be attached to it (e.g. metals) 
which may help to modulate its electric behavior (Lovley et al. 2009). In this 
direction, MNWs in G. sulfurreducens have been modified to have better 
conductive and adhesive properties (Reguera et al. 2014). MNWs may also be 
used in bionanosensors (Lovley et al. 2009), however no such prior art studies 
have been reported yet. Interested readers are referred to specific reviews on this 
topic (Amdursky et al. 2014; Patolsky and Lieber, 2005; Patolsky et al. 2006; 
Waleed Shinwari et al. 2010; Wang et al. 2014; Ziadan, 2012) which may 
sensitize them about how different nanowires, including MNWs can be used for 
practical applications. 
 
2.6.4. Potential target for pathogenic microorganisms 
MNWs have been found in pathogenic biofilms causing BRONJ and supposed to 
play important role in maintenance and survival of it (Wanger et al. 2013). This 
discovery is very important considering the fact that various human pathogenic 
microorganisms (e.g. Neisseria gonorrhoeae, Vibrio cholera etc.) produce pili 
which are actively involved in pathogenesis (Heckels, 1989; Tacket et al. 1998; 
Zhang et al. 2000). There is also a report that exoelectrogenic microbes with 
putative MNWs plays specific role in host immune response (Ericsson et al. 
2015). It needs to be studied whether pili are conductive in different pathogenic 
bacteria and if so what role they play in pathogenesis. In the phenomenon called 
“bioelectric effect”, electrically stimulated pathogenic biofilms showed increased 
susceptibility to antibiotics and this may happen because of disruption of 
conductive filaments within them as a result of electrical stimulation (Costerton et 
al. 1994; Wanger et al. 2013). The bioelectric effect also supports the hypothesis 
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that MNWs might be playing important role in maintenance of pathogenic 
biofilms. Thus MNWs can be a potential target for prevention and treatment of 
relevant diseases and future research in this direction may yield some exciting 
results. 
 
2.7. Gaps in current research and future directions 
Above examples suggest that microbes may have developed multiple strategies to 
produce MNWs as per their niche and physiological requirement. Hence, more 
extensive screening of microorganisms from diverse habitats needs to be done to 
establish their ability to produce MNWs which may help to completely 
understand their abundance and role in environment. The physiological function 
of most known MNWs is not identified so far except that of G. sulfurreducens. 
This is another area which can be the focus of future studies. 
Comparative characterization of all known MNWs for their conductive, 
biochemical and mechanical properties should be done. This will significantly 
help to identify the best candidate for practical applications and may also help to 
produce hybrid MNWs with better functionality than any individual one. It is also 
of utmost importance that mechanisms of electron transfer through MNWs should 
be studied in MNWs produced by diverse microorganisms (i.e. other than G. 
sulfurreduces and S. oneidensis). In this connection, apart from aromatic amino 
acids, sulfur containing amino acids (i.e. methionine and cysteine) are also known 
to act as a relay in electron transfer (Sun et al. 2015; Wang et al. 2009). The 
probable role of these sulfur-containing amino acids (if present) in electron 
transfer through MNWs has not been studied so far and any involvement of these 
amino acids in conductivity of MNWs needs to be studied. 
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There is also a need to develop simple methods that will allow maximum 
production of MNWs which will be important from application point of view. For 
example, method for MNWs production in Synechocystis was sophisticated 
earlier (Gorby et al. 2006) but in recent times simple methods for maximum 
production of Synechocystis MNWs have been identified (Sure et al. 2015). 
Most of the findings in this field till date have been generated from few labs. 
Reproducibility, authenticity and credibility of particular data get strengthened 
when identical or similar results are obtained from different labs. This is 
especially applied to the advanced characterization of MNWs involving 
determination of mechanism of electron transfer through it where there is still 
ambiguity among researchers. So it is quite essential that more and more scientists 
from different backgrounds involve in this kind of research so we can harness the 
true potential of this field and use it to tackle contemporary problems. 
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CHAPTER 3: Investigation of Cyanobacterial Nanowires: 
Characterization and Modelling  
This chapter describes the identification and characterization of MNWs in three 
different cyanobacteria including Synechocystis, Microcystis aeruginosa and 
Nostoc punctiforme. This chapter has been published as two independent research 
articles and hence is presented in this thesis as two sub-parts; Part A and Part B. 
Part A refers to MNWs in Synechocystis and M. aeruginosa while Part B 
discusses MNWs of N. punctiforme. To meet the requirements of the thesis 
format, conclusions section from related publications has been removed from this 
chapter and has been rewritten as part of chapter 6 in this thesis. Minor 
grammatical errors of original publications have also been rectified. Details of the 
published research articles are as below; 
Part A  
Title: Inquisition of Microcystis aeruginosa and Synechocystis Nanowires:   
Characterization and Modelling 
Authors: Sandeep Sure, Angel AJ Torriero, Aditya Gaur, Lu Hua Li, Ying Chen, 
Chandrakant Tripathi, Alok Adholeya, M Leigh Ackland, Mandira Kochar 
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CHAPTER 3 - Part A 
Inquisition of Microcystis aeruginosa and Synechocystis Nanowires: 
Characterization and Modelling  
 
Abstract 
Identification of extracellular conductive PLS i.e. microbial nanowires has 
spurred great interest among scientists due to their potential implications in the 
field of biogeochemistry, bioelectronics, bioremediation etc. Using conductive 
AFM, we identified MNWs in M. aeruginosa PCC 7806 which is an aerobic, 
photosynthetic microorganism. We also confirmed the earlier finding that 
Synechocystis sp. PCC 6803 produces microbial nanowires. In contrast to the use 
of highly instrumented continuous flow reactors for Synechocystis reported 
earlier, we identified simple culture conditions which allow increased production 
of nanowires in both test cyanobacteria. Production of these nanowires in 
Synechocystis and M. aeruginosa were found to be sensitive to the availability of 
carbon source and light intensity. These structures seem to be proteinaceous in 
nature and their diameter was found to be 4.5-7nm and 8.5-11nm in Synechocystis 
and M. aeruginosa, respectively. Characterization of Synechocystis nanowires by 
transmission electron microscopy and biochemical techniques confirmed that they 
are TFP while nanowires in M. aeruginosa were found to be similar to an 
unnamed protein (GenBank: CAO90693.1). Modelling studies of Synechocystis 
TFP subunit i.e. PilA1 indicated that strategically placed aromatic amino acids 
may be involved in electron transfer through these nanowires. This study 
identifies PLS from Microcystis which can act as nanowires and supports the 
earlier hypothesis that microbial nanowires are widespread in nature and play 
diverse roles. 
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3A.1. Introduction 
Many Gram-positive and -negative microorganisms are known to produce 
extracellular appendages called pili. These are proteinaceous, hair-like 
appendages present on the outer surface of cells (Proft and Baker, 2009). There 
are different types of pili and among them TFP are the most prevalent in 
microorganisms (Nudleman and Kaiser, 2004; Pelicic, 2008). They are ~5-8nm in 
diameter and their length varies in different microorganisms i.e. from 1 to ≥10 
μm, giving it the appearance of nanofilaments (Pelicic, 2008; Proft and Baker, 
2009). TFP are multifunctional and are able to carry out different functions like 
twitching motility, DNA uptake during transformation, adhesion, biofilm 
formation etc. (Nudleman and Kaiser, 2004; Pelicic, 2008; Allen et al. 2012). 
They are also capable of transfer of electrons from cells to extracellular electron 
acceptors in G. sulfurreducens, an anaerobic, dissimilatory metal reducing 
bacteria (DMRB) (Reguera et al. 2005). Due to their nanofilamentous appearance 
and ability to carry electrons, these G. sulfurreducens TFP were termed as 
MNWs. Apart from this TFP, flagella (as in P. thermopropionicum) (Gorby et al. 
2006; Shimoyama et al. 2009) and extensions of outer membrane and periplasm 
(as in Shewanella oneidensis) (Pirbadian et al. 2014) have been shown to be 
electrically conductive. Thus the term MNWs is not only limited to pili and is 
generally used to describe electrically conductive extracellular nanofilaments 
observed in microorganisms. MNWs were also identified in other microorganisms 
i.e. Synechocystis sp. PCC 6803 (unicellular photosynthetic cyanobacteria), A. 
ferroxidans (chemolithoautotroph), A. hydrophila (DMRB) and multispecies 
biofilms observed in BRONJ (Gorby et al. 2006; Li and  Li 2013; Wanger et al. 
2013; Castro et al. 2014). The discovery of MNWs in such diverse 
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microorganisms has led to the hypothesis that they might be widespread in nature, 
and may play significant role in microbial geochemistry.  
Work in this field mainly focused on exploring the mechanisms of electron 
flow through these nanowires. G. sulfurreducens nanowires have been shown to 
have metallic like conductivity (Malvankar et al. 2011b; Malvankar et al. 2014) 
and aromatic amino acids were found to be essential for efficient electron transfer 
through these nanowires (Vargas et al. 2013). In contrast, S. oneidensis nanowires 
have been shown to behave more like semiconductors (Leung et al. 2013).  At 
present, there is dispute in the scientific community over the exact mechanism of 
electron transfer through these nanowires (Malvankar et al. 2011a; Strycharz-
Glaven et al. 2011; Strycharz-Glaven and Tender 2012) and further studies are 
needed to reach a consensus. MNWs have also been shown to have great potential 
in the field of bioenergy (Reguera et al. 2006), bioremediation (Cologgi et al. 
2011) and bioelectronics (Leung et al. 2011; Leung et al. 2013). 
MNWs have been sparsely studied in aerobic microorganisms so far. 
Synechocystis sp. and Microcystis aeruginosa are aerobic, unicellular 
photosynthetic microorganisms, with the former being non-colony forming and 
the latter being a colony forming microorganism. Both these microorganisms are 
known to produce PLS (Bhaya et al. 2000; Nakasugi and Neilan 2005). In 
Synechocystis, carbon source limitation has been shown to be necessary for 
production of nanowires (Gorby et al. 2006). M. aeruginosa forms toxic blooms 
when they get exposed to carbon source limitation and high light intensity, and 
this led us to hypothesize that it may produce microbial nanowires under such 
conditions. During this study, we identified microbial nanowires in M. aeruginosa 
and confirmed the same for Synechocystis using conductive AFM. The optimum 
light and carbon concentrations for increased production of nanowires were 
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identified for these cyanobacteria. Finally, modelling of the Synechocystis PilA1 
structure suggests that strategically placed aromatic amino acids may play a role 
in electron transfer in these nanowires.  
 
3A.2. Materials and Methods 
3A.2.1. Cyanobacterial cultures and growth conditions 
Synechocystis sp. PCC 6803 was a kind gift from Brett Neilan (Neilan Laboratory 
of Microbial and Molecular Diversity, The University of New South Wales, 
Australia). M. aeruginosa PCC 7806 culture was procured from Australian 
National Algae Culture Collection, CSIRO, Australia. All cultures were cultivated 
and maintained in BG-11 medium (Stanier et al. 1971) supplemented with 
NaHCO3 (0.05mM) under alternate (16 h/8 h) light/dark illumination (~40-50 
μmol photons m-2 s-1) at 25°-27°C. The cultures were kept in non-shaking 
condition.  
 
3A.2.2. Optimization of PLS production in cyanobacteria 
To optimize the production of PLS in Synechocystis and M. aeruginosa, cells 
were grown under varying concentrations of carbon sources (sodium carbonate 
and sodium bicarbonate) and light intensity as described in Table 3A.1 (Wang et 
al. 2004; Devgoswami et al. 2011). The standard concentrations of carbon sources 
in BG11 medium is considered as 100%. Cells from the exponential phase of each 
culture condition were harvested and their PLS production level was checked 
using TEM and was graded from 0 (none) to 5 (very good). Qualitative analysis 
of PLS production in test cyanobacteria was done in triplicates. 
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3A.2.3. TEM   analysis of cyanobacterial PLS 
To confirm the presence of extracellular PLS and to check its production in test 
cyanobacteria, TEM was used as discussed in literature (Bhaya et al. 2000; 
Nakasugi and Neilan 2005) with following modifications. For TEM analysis, 1ml 
of cyanobacterial culture from respective exponential phase was harvested and 
washed three times with phosphate buffered saline (PBS, pH 7.4). The pellet was 
gently resuspended again in PBS and a drop of the resultant suspension was added 
onto the grid. It was allowed to air dry and then stained with 1% phosphotungstic 
acid. TEM analysis was done at 80kV voltage (FEI Tecnai G2 Twin, 
Netherlands). The diameter and other features of cyanobacterial PLS were 
analysed using Gatan Digital Micrograph software. 
 
3A.2.4. Isolation of extracellular PLS and their biochemical characterization 
For cyanobacterial PLS isolation, 3ml exponential phase culture was harvested 
and subsequently washed five times with PBS. The resultant cell pellet was 
resuspended again in 200μl of PBS and vortexed for two minutes at maximum 
speed (Nakasugi et al. 2006; Malvankar et al. 2011b). The cell debris was 
removed by centrifugation at 6000rpm for 10 minutes. The PLS suspension was 
centrifuged again at 13000rpm for 30 minutes (Leung et al. 2013). The purity and 
intactness of isolated PLS were checked using TEM and AFM. For SDS-PAGE 
analysis, 200ml cell culture was harvested and PLS was isolated from it as 
described above. Isolated PLS were electrophoresed on 15% SDS-PAGE gel and 
protein bands were visualized using Coomassie Brilliant blue R-250 stain. The 
identification of the proteins band was carried out by using peptide mass 
fingerprinting (PMF) at the Central Instrumentation Facility, University of Delhi 
South Campus, New Delhi, India. 
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3A.2.5. Conductive AFM analysis of cyanobacterial PLS 
Conductive AFM analysis of PLS isolated from the cells of Synechocystis and M. 
aeruginosa was performed based on conditions mentioned in Table 3A.2. For 
conductive-AFM analysis, 50μl of isolated PLS was dropped onto the freshly 
cleaved highly ordered pyrolytic graphite (HOPG). PLS suspension was allowed 
to adsorb on the HOPG surface for 3-4 hours and subsequently washed with PBS 
followed by milli-Q water. Samples were allowed to dry overnight and then used 
for analysis. Cypher AFM (Asylum Research) in contact-mode was used for 
conductive AFM analysis of PLS. Conductive AFM cantilevers coated by the 
alloy of platinum and iridium [CONTPt, NanoWorld] and with an average spring 
constant of 0.2 N/m were used to examine the electrical conductivity of the PLS. 
Conductivity measurements were done at multiple points along the length of PLS. 
The normalized differential conductance (NDC) was calculated as described 
earlier (El-Naggar et al. 2008) with some modifications. The raw data was 
smoothed using Savitzky-Golay smoothing filter (polynomial order -4; Points of 
Window-150) available in the Origin2015 software. 
    
3A.2.6. Bioinformatics analysis and Modelling of PilA1   
As TFP in Synechocystis seem to act as a nanowire, we performed its comparative 
bioinformatic and modelling studies with electrically conductive TFP in G. 
sulfurreducens.  Pili from Pseudomonas aeruginosa strain K were shown to be 
non-conductive (Reguera et al. 2005) and thus it was also included in study as a 
negative control. Multiple sequence alignment of PilA1 from Synechocystis, G. 
sulfurreducens and P. aeruginosa were carried out using Clustal Omega. The 3D 
structure of PilA of Geobacter sulfurreducens (Accession no. 2M7G) and 
Pseudomonas aeruginosa strain K (Accession no. 1OQW: A) were retrieved from 
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RSCB Protein Data Bank (PDB) (Craig et al. 2003; Reardon and Mueller 2013). 
A homology model of PilA1 of Synechocystis sp. (Kazusa Cyanobase-sll1694) 
was built using Phyre2 software. The comparative structural studies of PilA from 
the above mentioned organisms were done using Pymol software. The percentage 
of aromatic amino acids for PilA was calculated from the respective amino acid 
sequence.  
 
3A.3. Results  
3A.3.1. Characterization of cyanobacterial PLS using TEM and SDS-PAGE 
The presence of PLS in Synechocystis sp. and M. aeruginosa was confirmed by 
using TEM (Fig. 3A.1). The PLS of Synechocystis were 4.5-7nm in diameter and 
2 to several (≥10μm) μm long. The PLS in M. aeruginosa were relatively thicker 
with diameters in the range of 8.5-11nm. M. aeruginosa PLS were relatively 
longer than Synechocystis and sometimes extended more than 20 μm. The PLS in 
Synechocystis and M. aeruginosa were sometimes observed to interconnect two or 
more cells (Fig. 3A.S1). 
At low magnification (1500-2500X), all test cyanobacterial PLS were observed 
as single filament, or bundles of individual filaments (Fig. 3A.1a and 3A1d). At 
high magnification (≥25kX), PLS in Synechocystis seemed to be made up of one 
type of filament  (Fig. 3A.2a) but an individual PLS in M. aeruginosa appeared to 
be made of two distinct parallel subfilaments of 4-5nm with ~0.5-1nm spacing 
(Fig. 3A.2b). Based on these observations, two potential structural arrangements 
were proposed for M. aeruginosa PLS involving two parallel subfilaments (Fig. 
3A.2c) or a hollow cylinder (Fig. 3A.2d). 
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Fig. 3A.1 TEM analysis of cells from exponential growth stage in varying 
nutritional conditions. Synechocystis with (a) normal (N), (b) higher (½ C+LS) 
and (c) lower (C-+LS) number of PLS (Scale bar 1μm, 0.5μm and 0.5μm 
respectively); Microcystis aeruginosa with (d) normal (N), (e) higher (½ C+LS) 
and (f) lower (N+LS) number of PLS (Scale bar 1μm for each image). Please 
refer Table 3A.1 for description on culture conditions used. Each culture 
conditions have been mentioned at the top, middle region of image. PLS have 
been shown with black arrow 
 
 
SDS-PAGE analysis of the isolated extracellular PLS showed a single protein 
band for both Synechocystis sp. and M. aeruginosa (Fig. 3A.3). The protein 
constituting the PLS was observed to be ~22 and ~11kDa, respectively (Fig. 
3A.3). PMF of Synechocystis PLS gave peptide sequence of thirteen amino acids, 
SMSGGTFYDSGTR, which matched with PilA1 (sll1694 gene product) i.e. 
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subunit of TFP. This confirmed that nanowires observed in Synechocystis are TFP 
only. PMF of the protein band from M. aeruginosa gave peptide of nine amino 
acids, FGDVSGIVR, which matched with an unnamed protein, GenBank 
CAO90693.1. 
 
 
Fig. 3A.2 High magnification images of PLS from (a) Synechocystis and (b) 
Microcystis aeruginosa. The areas where distinct two-filament like structure were 
observed in M. aeruginosa PLS have been highlighted with red rectangle. The 
image (b) has been processed using Bandpass filter. Images (c) and (d) show two 
possible structural arrangements of M. aeruginosa PLS. In first case, this PLS 
may be composed of two or more subfilaments (4-5nm in diameter) with central 
spacing of around 0.5-1nm. In this case, PLS would be oval shaped (c). Another 
possibility is that cyanobacterial PLS may be hollow cylinder with central channel 
of 0.5-1nm and it would appear spherical in this case (d) 
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Fig. 3A.3 SDS-PAGE analysis of extracellular PLS from Synechocystis and M. 
aeruginosa which gave protein band of ~22 and ~11kDa respectively 
 
3A.3.2. In silico analysis of PilA from different nanowire producing and 
non-producing microorganisms 
Multiple sequence alignment of PilA from Synechocystis, G. sulfurreducens and 
Pseudomonas aeruginosa pili showed that they have ~22 amino acids conserved 
at its N-terminus while significant variation was observed at the C-terminus (Fig. 
3A.S5).  G. sulfurreducens PilA has two aromatic amino acids at its C-terminus 
end which show alignment with corresponding aromatic amino acids of 
Synechocystis PilA1 (Fig. 3A.S5). Like P. aeruginosa PilA, the PilA1 of 
Synechocystis also has a globular domain at its C-terminus which is absent in the 
case of G. sulfurreducens (Fig. 3A.4a-c). Compared to P. aeruginosa PilA, C-
terminus of Synechocystis PilA1 was found to be rich in aromatic amino acids 
(Fig. 3A.4e-f). Some of these aromatic amino acids were found to be closely 
spaced, forming a triad (Fig. 3A.4e). The percentage of aromatic amino acids for 
all pili subunits were calculated from respective amino acid sequence which were 
found to be 9.8, 7.73 and 5.01% for G. sulfurreducens, Synechocystis and P. 
aeruginosa, respectively.  
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Fig. 3A.4 PilA structure and its C-terminal structure of Geobacter sulfurreducens 
(a, d), Synechocystis sp (b, e), and Pseudomonas aeruginosa (c, f). The PilA 
structure of Geobacter sulfurreducens (Accession no. 2M7G) and Pseudomonas 
aeruginosa (Accession no. 1OQW: A) were taken from RSCB Protein Data Bank. 
Phyre2 software was used to build homology model of PilA1 of Synechocystis sp. 
[146 residues (87%) modelled at >90% accuracy]. The location of aromatic amino 
acids (Phenylalanine, tyrosine and tryptophan) along with their side-chains has 
been shown in red colour. The close positioning of aromatic amino acids at C-
terminus have been shown with black arrow 
 
3A.3.3. PLS production in cyanobacteria is sensitive to culture conditions 
used 
In Synechocystis and M. aeruginosa, the number of PLS produced were observed 
to be sensitive to the culture conditions provided. The qualitative estimation of 
PLS production level was rated from 0 to 5 depending upon the density of PLS 
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observed (Table 3A.1). In comparison with N (normal) culture of Synechocystis 
(Fig. 3A.1a), PLS production was highest in ½C+LS (Fig. 3A.1b), ½C (Fig. 
3A.S2a) and ¼C (Fig. 3A.S2b) while it was lowest in C-+LS (Fig. 3A.1c). In 
comparison with N (normal) culture of M. aeruginosa (Fig. 3A.1d), PLS 
production was highest in ½ C+LS (Fig. 3A.1e) and ¼ C (Fig. 3A.S3b) while it 
was lowest in N+LS (Fig. 3A.1f). In both Synechocystis and M. aeruginosa 
cultures, dense PLS were observed not only around the cell, but also in areas 
where cells were absent (Fig. 3A.S4).  
 
3A.3.4. Conductive AFM analysis of PLS in Synechocystis and Microcystis 
aeruginosa  
The PLS from Synechocystis and M. aeruginosa were found to be electrically 
conductive, irrespective of culture conditions used for their growth (Fig. 3A.5, 
Fig. 3A.S6). The list of samples done and relevant PLS height has been 
mentioned in Table 3A.2. In our analysis, HOPG was used as the conductive 
substrate on which the PLS were tested. The PLS from both test cyanobacteria 
were often observed to be associated with some extracellular material (ECM) 
(Fig. 3A.5c-f). These PLS associated ECM in both test cyanobacteria were found 
to be non-conductive (Fig. 3A.S7). Apart from I-V curve as mentioned in Fig. 
3A.S7, the non-conductive behaviour of PLS associated ECM was also evident 
from the current map images (Fig.3AS6). The I-V curve of cyanobacterial PLS 
showed asymmetric, non-linear behaviour with higher current observed in 
negative voltage region than for positive voltage (Fig. 3A.5).  
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Table 3A.1 List of culture conditions used to optimize PLS production in test 
cyanobacteria and relative PLS production level obtained for Synechocystis and 
Microcystis aeruginosa 
 
Sr. 
No
. 
Notation Description PLS production levela 
Synecho-
cystis  
M. 
aeruginosa  
1 N Normal growth condition (Standard) - 
normal BG11 medium (100% carbon 
sourceb) with 16:8hrs light:dark condition, 
Light intensity ~40-50 μmol photons m-2 s-
1 
3 3 
2 ½ C Carbon stress : Cultures grown in BG11 
medium with half (50%) carbon source 
with 16:8hrs light:dark condition, Light 
intensity ~ 40-50 μmol photons m-2 s-1 
4 3 
3 ¼ C Carbon stress : Cultures grown in BG11 
medium with one fourth (25%) carbon 
source with 16:8hrs light:dark condition, 
Light intensity ~ 40-50 μmol photons m-2 
s-1 
4 5 
4 C- Carbon stress : Cultures grown in BG11 
medium with no (0%)  carbon source with 
16:8hrs light:dark condition, Light 
intensity ~ 40-50 μmol photons m-2 s-1 
3 3 
5 N+LS Light stress : Cultures grown in normal 
BG11 medium (100% carbon source)  with 
continuous (24hrs) light intensity (~ 40-50 
μmol photons m-2 s-1) 
3 2 
6 ½ C+LS Carbon+Light stress: Cultures grown in 
BG11 medium with half (50%)  carbon 
source and continuous (24hrs) light 
intensity (~ 40-50 μmol photons m-2 s-1) 
5 5 
7 ¼ C+LS Carbon+Light stress: Cultures grown in 
BG11 medium with one fourth (25%) 
carbon source and continuous (24hrs) light 
intensity (~ 40-50 μmol photons m-2 s-1) 
3 3 
8 C-+LS Carbon+Light stress : Cultures grown in 
BG11 medium with no (0%) carbon source 
and continuous (24hrs) light intensity (~ 
40-50 μmol photons m-2 s-1) 
2 3 
a5-very good; 4-good; 3-moderate; 2-low; 1-very low; 0-none 
bCarbon Source - Sodium carbonate (Na2CO3 – 0.19mM) and Sodium bicarbonate 
(NaHCO3 – 0.05mM) 
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Table 3A.2 List of samples done and relevant height for pilus-like structures 
(PLS) obtained by conductive AFM analysis 
Sr. 
No. 
Samples  Height of PLS (nm) 
(Approximate) 
1 Synechocystis Na (Normal PLS production) 2 
2 Synechocystis ½ C+LS (High PLS production) 2.4 
3 Synechocystis C-+LS (Low PLS production) 9b  
4 M. aeruginosa N (Normal PLS production) 2.2  
5 M. aeruginosa N+LS (High PLS production) 2.4 
6 M. aeruginosa ½ C-+LS (Low PLS production) 3 
 
 a Please refer Table 3A.1 for description of culture conditions 
 b Bundles of PLS 
 
Density of states (DOS) is prominently associated with positive sample bias 
(El-Naggar et al. 2008) and thus NDC of only positive sample bias was 
calculated. The NDC plot shows peaks at ~ 0.45V in PLS of Synechocystis C-+LS 
(Fig. 3A.S8a) and M. aeruginosa N+LS and ½C+LS (Fig. 3A.S8b). No distinct 
peaks were observed for other samples of Synechocystis and M. aeruginosa (Fig. 
3A.S8a-b).  
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Fig. 3A.5 Conductive AFM analysis of cyanobacterial PLS. I-V spectra of PLS 
for Synechocystis N, ½ C+LS and C-+LS [(a), (b) and (c), respectively]; I-V 
spectra of PLS for M. aeruginosa N, N+LS and ½ C+LS [(d), (e) and (f), 
respectively]. Please refer Table 3A.1 for description on culture conditions used. 
Inset image in each graph shows topographical AFM image of respective PLS. 
The position where PLS conductivity was checked has been shown with red dot. 
The scale mentioned on Y axis of is microampere (μA) for (f), while it is 
nanoampere (nA) for all other graphs 
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3A.4. Discussion  
Research on microbial nanowires has remained centred primarily only on G. 
sulfurreducens and S. oneidensis with few reports on the identification and 
characterization of microbial nanowires in other microorganisms. This study is 
mainly focused on identification, isolation and characterization of microbial 
nanowires from cyanobacteria.  
The dimensions of cyanobacterial nanowires identified through this study are 
similar to those of earlier reported PLS in Synechocystis and M. aeruginosa 
(Bhaya et al. 2000; Nakasugi and Neilan 2005). Nanowires have been reported 
earlier in Synechocystis however, their composition was not determined (i.e. 
protein, polysaccharides etc.) (Gorby et al. 2006). SDS-PAGE analysis of isolated 
Synechocystis nanowires identified a protein of MW ~22kDa which is close to the 
MW of the TFP subunit, PilA1 of Synechocystis (i.e. ~ 20-21kDa) (Nakasugi et 
al. 2006; Lamb et al. 2014). Further, PMF of this protein band confirmed that they 
are TFP only. Apart from TFP, thin pili have also been reported in Synechocystis 
(Bhaya et al. 2000). However, despite many attempts, the latter structures were 
not observed in our study. It is possible that due to their delicate nature, these 
structures might have got damaged or detached from the cells during cell washing 
steps.  
The molecular weight of single subunit for M. aeruginosa nanowires was 
found to be ~11kDa which is close to the PilA of nanowires from G. 
sulfurreduces (~10kDa) (Lovley et al. 2009). Although proteinaceous in nature, 
these nanowires were observed to be composed of yet unidentified protein. The 
molecular and structural characterization of this protein will be the aim of our 
future studies.  
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Conductive AFM is now an established technique to characterize nanoscale 
objects for electrical conductivity and confirm their conductive nature which has 
been done here rigorously. As it is a qualitative technique, comparative analysis 
for conductivity among known MNWs (tested here and earlier reported) is 
difficult to do. Nevertheless, both Synechocystis and M. aeruginosa were 
observed to produce nanowires under all tested concentrations of carbon source. 
High-magnification analysis of M. aeruginosa nanowires led us to propose two 
possible structural arrangements. First, this nanowire is composed of two or more 
individual subfilaments and the nanowire would appear oval shaped in this case. 
Similar arrangements of pili have been found in P pili (~10nm in diameter) of 
uropathogenic Escherichia coli where it has been described as composite 
structures with two distinct fibres (Kuehn et al. 1992). Pili of Streptococcus 
penumoniae were also found to be composed of subfilaments/protofilaments of 
3.5nm but were found to be arranged in coiled-coil manner (Hilleringmann et al. 
2008) contrary to the parallel arrangement observed here. The second model is 
that M. aeruginosa nanowires may be hollow cylinders with a central channel 
inside. As the TEM image is also the projection of density of the sample, the 
relatively less dense central channel would appear like spacing between two 
individual subfilaments. Such morphological features have been observed in other 
bacterial pili where it is proposed to be due to the central channel (Hahn et al. 
2002; Mu et al. 2002). This basic arrangement of M. aeruginosa nanowires need 
to be further investigated as it will help to establish the mechanism of electron 
transfer through it, and this holds the key to a variety of applications of 
nanowires.  
The nanowire production level in Synechocystis and M. aeruginosa was found 
to be higher in carbon (electron sink) depleted medium provided with excess light 
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intensity. This is consistent with the earlier report where 13 fold higher 
accumulation of pilA1 transcripts was observed in Synechocystis under carbon 
limiting conditions (Wang et al. 2004). There might be three reasons for these 
observed results; first as TFP are involved in cell motility, their increased 
production in stressful conditions might help the cell to move efficiently to a more 
suitable environment; secondly TFP have been shown to be involved in biofilm 
formation and their increased production might accelerate this process, thereby 
allowing better tolerance of stressful conditions than the individual cells; and 
finally the availability of limited amount of electron sink (i.e. CO2) leads to 
accumulation of electrons on plastoquinone of the photosynthetic electron transfer 
chain (Pisciotta et al. 2010). To get rid of these extra, unused electrons, cells then 
transfer it to one or more electron acceptors present in the extracellular 
environment (Gorby et al. 2006; Pisciotta et al. 2010). This transfer of electrons 
can either take place through specific proteins (e.g. cytochromes) placed on the 
extracellular surface of the cell or through microbial nanowires observed in 
Synechocystis and M. aeruginosa. Thus, a greater number of nanowires produced 
by the cells might help them to get rid of extra electrons and may also help in 
intracellular/intercellular communication allowing effective tolerance against 
stressful conditions. The variation in nanowire production level in the 
cyanobacteria relative to the culture conditions suggests that the nanowire 
production is a highly regulated process and might play an important role in 
cellular interaction and acclimatization with the environment.  
Synechocystis has been shown to produce nanowires under carbon source 
limitation and excess light, which has been provided using sophisticated 
continuous flow reactors (Gorby et al. 2006). Contrary to that, we used a simple 
method where Synechocystis and M. aeruginosa cultures were provided with 0, 
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25, 50 and 100% of carbon source (Na2CO3 and NaHCO3) and also exposed to 
continuous light as well as standard light:dark (16:8hrs) conditions. Formation of 
nanowires in Synechocystis occurs when cultures become yellow (probably 
stationary stage of cells) (Gorby et al. 2006). However, we observed that 
Synechocystis was able to produce nanowires in its exponential phase only (when 
they are green in colour and actively growing). Similar results were observed for 
M. aeruginosa. We also observed that it was quite difficult to measure the 
conductivity of nanowires isolated from late exponential or stationery phase as 
they were usually associated with non-conductive ECM. Nanowires isolated from 
exponential phase (7 day old cultures) were relatively less associated with non-
conductive ECM, making the conductivity analysis easier. As 7 day old 
Synechocystis and M. aeruginosa cells were producing nanowires in BG11 
medium supplemented with 100% carbon sources, carbon limitation and excess 
light does not seem to be a prerequisite for nanowire production. There is a distant 
possibility that carbon source provided in the medium (Na2CO3 and NaHCO3) and 
air (CO2) gets exhausted over time leading to poor carbon source availability 
which may ultimately lead to the production of nanowires in it. As cyanobacteria 
often encounter carbon limiting conditions in environment (Wang et al. 2004), the 
cyanobacterial cell machinery might have evolved for constitutive production of 
nanowires, the expression of which may get increased or decreased depending 
upon the environment they encounter. ECM associated with PLS was found to be 
non-conductive for both test cyanobacteria. This highlights that the electrical 
conductivity is the intrinsic property of PLS and not due to deposition of any 
extracellular or other material. 
All TFP share some common features and one of them is that their subunit i.e. 
PilA share conserved, hydrophobic α-helix domain of around 20-25 amino acids 
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at the N-terminus which forms hydrophobic core of pilus (Craig et al. 2004; Proft 
and Baker 2009). Around 22 amino acid residues were found to be conserved at 
the N-terminus of Synechocystis PilA1, a characteristic feature of TFP. As this 
domain is present in nanowire non-producing microorganisms (i.e. Pseudomonas 
aeruginosa) (Reguera et al. 2005), it does not seem to play any role in electron 
transfer through pili.  
The molecular and electronic structure of G. sulfurreducens PilA shows that it 
carries a short random-coiled segment at the carboxyl terminus which provides a 
more favourable environment for electron flow through pili compared to pili from 
other microorganisms which carry large globular head at the carboxyl terminus 
along with β-sheets which does not favour electron transport (Feliciano et al. 
2012; Reardon and Mueller 2013). The C-terminus globular domain of a PilA is 
required for motility and adhesion in microorganisms (Craig et al. 2003). As G. 
sulfurreducens pili are not involved in motility or adhesion, its presence is not a 
prerequisite for it. Synechocystis shows twitching motility and thus like PilA of P. 
aeruginosa, this C-terminus globular domain is present in them.  
Unlike PilA of P. aeruginosa, this globular domain in Synechocystis is found 
to be rich in aromatic amino acids. Aromatic amino acids have been shown to act 
as a “stepping stone” in long range electron transfer (Cordes et al. 2008). They 
have also been shown to be important for efficient electron transfer through 
Geobacter pili (Vargas et al. 2013). The PilA1 of Synechocystis was not only rich 
in aromatic amino acids at C-terminus, but was also closely spaced, which may 
facilitate an efficient relay in long range electron transfer through pili. Such close 
spacing of aromatic residues are a characteristic feature of proteins involved in 
hopping-mediated long range electron transfer (Williamson et al. 2014). In DNA 
photolyase and cryptochromes, a triad of conserved aromatic amino acids (mainly 
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tryptophan) plays important role in hopping mediated electron transfer and act as 
a molecular wire thereby allowing fast electron transfer through protein (Lukacs 
et al. 2008; Biskup et al. 2013; Williamson et al. 2014). Other aromatic amino 
acids (e.g. tyrosine) can be substituted in place of tryptophan (Biskup et al. 2013). 
Phenylalanine has also been shown to be involved in such electron transfer (Wang 
et al. 2005).  The C-terminus of Synechocystis PilA1 also carries closely spaced 
triad of aromatic amino acids, suggesting the possibility of similar mechanism of 
electron transfer operating here. Also, in TFP it is known that C-terminus β-
strands of one PilA subunit interacts with β-strands of next subunit which gives 
mechanical strength to it (Nudleman and Kaiser, 2004). Such interaction of 
adjacent subunits may also play a role in electron transfer from one subunit to 
other, thereby making whole pili conductive. Such close arrangement of aromatic 
amino acids at C-terminus was found to be lacking in P. aeruginosa PilA which 
may make it unable to transfer electrons from electron donor to acceptor.  
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CHAPTER 3A - SUPPLEMENTARY DATA 
 
Fig. 3A.S1 TEM analysis of (a) Synechocystis and (b) Microcystis aeruginosa 
cells interconnected by PLS [For a, scale bar is 0.5μm while for b, it is 2μm]. PLS 
has been shown with black arrow  
 
 
 
 Fig. 3A.S2 Multiple sequence alignment PilA of Geobacter sulfurreducens 
(Accession no. 2M7G), Synechocystis sp. (PilA1, Kazusa Cyanobase -sll1694) 
and Pseudomonas aeruginosa (Accession no. 1OQW: A). The marked rectangular 
area shows conserved N-terminal domain in type IV pili of tested microorganisms 
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Fig. 3A.S3 TEM analysis of PLS production level in Synechocystis subjected 
to different culture conditions, (a) ½ C, (b) ¼ C, (c) C-, (d) N+LS and (e)¼ 
C+LS culture conditions. For (a)-(d), scale bar is 0.5μm while for (e), it is 1μm. 
PLS has been shown with black arrow. Please refer Table 3A.1 for description of 
culture conditions 
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Fig. 3A.S4 TEM analysis of PLS production level in M. aeruginosa subjected 
to different culture conditions, (a) ½ C, (b) ¼ C, (c) C-, (d) ¼ C+LS and (e) C-
+LS. [For (a), scale bar is 0.5μm, for (b), (c) and (e), it is 1μm while for (d), it is 
2μm]. (d) shows bundle of PLS in lower dividing cell. PLS has been shown with 
black arrow. Please refer Table 3A.1 for description of culture conditions 
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Fig. 3A. S5 TEM analysis of Cyanobacterial PLS.  Dense deposits of PLS from 
(a) Synechocystis sp. and (b) Microcystis aeruginosa cultures (Scale bar denotes 
0.5μm and 1μm, respectively) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) (b) 
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Fig. 3A.S6 Current map images of cyanobacterial PLS. Current map image of 
Synechocystis grown in N, ½ C+LS and C-+LS at +0.2V [(a), (b) and (c), 
respectively]. The PLS mentioned in Fig. 3A.4c inset, have got shifted 
downwards in current map image for C-+LS; Current map image of Microcystis 
aeruginosa grown in N, N+LS and ½ C+LS at +0.2V [(d), (e) and (f), 
respectively)] 
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 Fig. 3A.S7 Representative I-V spectra of PLS associated extracellular 
material (ECM). The horizontal noisy line suggests that ECM is non-conductive 
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Fig. 3A.S8 Normalized diferential conductance (NDC) of cyanobacterial PLS. 
(a) Comparative NDC spectra of PLS for Synechocystis N, ½ C+LS and C-+LS; 
(b) Comparative NDC spectra of PLS for Microcystis aeruginosa N, N+LS and ½ 
C+LS. Potential DOS peaks have been shown with black arrow 
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CHAPTER 3 - Part B 
Identification and Topographical Characterization of Microbial 
Nanowires in Nostoc punctiforme 
 
Abstract 
Extracellular PLS produced by cyanobacteria have been poorly explored to date. 
We carried out detailed topographical and electrical characterization of PLS in 
Nostoc punctiforme PCC 73120 using TEM and conductive AFM. TEM analysis 
showed that N. punctiforme produces two separate types of PLS differing in their 
length and diameter. The first type of PLS are 6-7.5nm in diameter and 0.5-2μm 
in length (short/thin PLS) while the second type of PLS are ~20-40nm in diameter 
and more than 10μm long (long/thick PLS). This is the first study to report 
long/thick PLS in N. punctiforme. Electrical characterization of these two 
different PLS by conductive AFM showed that both are electrically conductive 
and can act as MNWs.  This is the first report to show two distinct PLS and also 
identifies microbial nanowires in N. punctiforme. This study paves the way for 
more detailed investigation of N. punctiforme nanowires and their potential role in 
cell physiology and symbiosis with plants. 
 
3B.1. Introduction 
Microorganisms are known to produce extracellular appendages like pili and 
flagella. Bacterial pili have gained significant attention due to their ability to carry 
out different functions like adhesion, biofilm formation, twitching motility, 
electron transfer etc. (Allen et al. 2012; Pelicic, 2008; Reguera et al. 2005). 
Despite their importance in cell physiology and interaction with the environment; 
cyanobacterial pili are sparsely reported in literature and majority of the work has 
focused on Synechocystis (Duggan et al. 2007; Nakasugi and Neilan 2005; Sure et 
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al. 2015; Vaara and Vaara 1988). Nostoc punctiforme is a multicellular, 
filamentous, nitrogen fixing microorganism often known for its association with 
plants. Their ubiquitous presence, symbiotic behaviour and nitrogen- fixing 
ability make them important not only in terrestrial and aquatic ecosystems but 
also in agriculture (Dodds et al. 1995). PLS have been reported in N. punctiforme 
and it was speculated that these structures may contribute in establishing 
symbiosis with the liverwort, Blasia (Duggan et al. 2007).  
Dissimilatory metal reducing microorganisms like Geobacter sulfurreducens 
and Shewanella oneidensis, are known to produce extracellular nanofilaments 
which are electrically conductive and thus can act as nanowires (Gorby et al. 
2006; Reguera et al. 2005). These MNWs have been extensively characterized in 
both microorganisms where their conductivity has been studied along diameter as 
well as length (El-Naggar et al. 2010; Leung et al. 2011; Leung et al. 2013; 
Malvankar et al. 2011; Malvankar et al. 2014; Vargas et al. 2013). MNWs in G. 
sulfurreducens are involved in extracellular electron transfer to electron acceptors 
[e.g. Fe(III)] and possess metallic like conductivity (Malvankar et al. 2011; 
Malvankar et al. 2014; Reguera et al. 2005).  
Such MNWs have not been surveyed in aerobic, photosynthetic 
microorganisms and have been reported only in Synechocystis and M. aeruginosa 
so far (Gorby et al. 2006; Sure et al. 2015). Nostoc sp. has been reported to show 
electrogenic (i.e. extracellular transfer of electrons) behaviour (Pisciotta et al. 
2010) where PLS may act as a conduit of electrons to electron acceptors present 
in the extracellular environment. This led us to hypothesize that N. punctiforme 
may be able to produce electrically conductive PLS i.e. microbial nanowires. 
Hence, this study was aimed at topographical and electrical characterization of 
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PLS in N. punctiforme, and the data generated will be helpful to explore 
mechanisms behind its motile and symbiotic behaviour. 
 
3B.2. Materials and Methods 
3B.2.1. Strain and culture conditions 
N. punctiforme PCC 73120 was grown in BG11 medium (supplemented with 
0.05mM NaHCO3) at 25°-27°C. The cells were kept under alternate (16 h/8 h) 
light/dark conditions (~40-50 μmol photons m-2 s-1) in non-shaking condition.  
 
3B.2.2. Transmission Electron Microscopy analysis of PLS production level 
The PLS production level was monitored for the first fifteen days at regular 
intervals (on every third day) using TEM (FEI Tecnai G2 Twin, Netherlands). As 
electrogenic activity in Nostoc sp. has been shown to be light dependent (Pisciotta 
et al. 2010), one set of cultures was also grown under continuous light. For TEM 
analysis, samples were washed thrice with phosphate buffered saline (PBS, pH 
7.4) and stained with 1% phosphotungstic acid. Cells and PLS were visualized at 
80kV voltage.  
 
3B.2.3. Conductive AFM analysis of PLS 
Conductive AFM of PLS was done as reported earlier (Sure et al. 2015). Briefly, 
samples were washed five times with PBS and 50μl of cell/PLS suspension was 
dropped onto highly ordered pyrolytic graphite (HOPG). The deposited sample 
was washed again with PBS followed by MilliQ and allowed to dry overnight at 
room temperature. The Conductive AFM analysis [Cypher AFM (Asylum 
Research)] was done in contact mode using Conductive AFM cantilevers 
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(CONTPt, NanoWorld). For topographical analysis of cells, AFM (Multimode8, 
Bruker) in tapping mode was also used. 
 
3B.3. Results and Discussion 
Depending upon environmental stress, vegetative cells of N. punctiforme can 
differentiate into nitrogen fixing heterocysts, spores (Akinetes) and motile 
hormogonium cells (Duggan et al. 2007; Meeks et al. 2001). In N. punctiforme, 
hormogonium growth stage can be induced by transferring cells to fresh growth 
medium (Duggan et al. 2007; Meeks et al. 2001). No PLS was observed on the 
cell surface on 1st day (Fig. 3B.1a). PLS started appearing on the cell surface after 
24-48 hours and its maximum production was observed on the 6th day, with PLS 
peritrichously distributed over the cell surface (Fig. 3B.1b). Beyond day 6, PLS 
production in N. punctiforme decreased and only few to no PLS were detected on 
day 9 (Fig. 3B.1c). These results are consistent with earlier observations 
(Khayatan et al. 2015) where the time-dependent pattern of PilA (major pilin 
protein) appearance on cells was similar to as observed here except that we did 
not observe significant accumulation PLS at the junction of cells in the first 24-
48hrs.  PLS were observed to be 6-7.5nm in diameter and 0.5-2μm long (Fig. 
3B.1b). However, short/thin PLS dimensions observed here are different from the 
earlier report where N. punctiforme PLS were found to be 7-10nm and more than 
10 μm long (Duggan et al. 2007). Further research needs to be carried out to 
confirm whether the observed short/thin PLS are TFP or a novel kind of PLS. 
We also observed novel and previously unreported bundles of PLS in N. 
punctiforme which were confirmed by TEM (Fig. 3B.1d-f, Fig. 3B.2d, Fig. 3BS1) 
and AFM analysis (Fig. 3B.2a-c and Fig. 3B.2e). These structures were longer- 
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Fig.3B.1 TEM analysis of short/thin and long/thick PLS of Nostoc punctiforme. 
Cells showing (a) 1st day, (b) 6th day, and (c) 9th day short/thin PLS production 
(Scale bar denotes 2μm, 0.5μm and 1μm for image a, b and c, respectively). (d-f) 
Long/thick PLS were observed 6th day onwards along with short/thin PLS (Scale 
bar denotes 1μm, 200nm and 50nm for image d, e and f, respectively). Short/thin 
PLS have been shown with closed arrow whereas long/thick PLS have been 
denoted with open arrow. Note: The magnified image of d has been shown in 
greater detail in Fig. 3BS1b-c 
 
(>10μm) and thicker (~20-40nm in diameter) and found to interconnect each 
other, spanning over an area greater than 10μm2 (Fig. 3B.2a-b). On close 
observation, these structures looked like bundles of PLS (Fig. 3B.2c). Unlike 
short/thin PLS which were present peritrichously (Fig. 3B.1b), only one or two of 
these long/thick PLS were found per N. punctiforme filament (Fig. 3B.1d, Fig. 
3B.2, Fig. 3B.S1). The long/thick PLS was observed to be present either as 
isolated structures (Fig. 3B.2a-d) or along with short/thin PLS (Fig. 3B.1d-f, Fig. 
3B.2e, Fig. 3B.S1). The difference of PLS pattern in different cells may be 
attributed to their different growth stages. Similar structures have been reported in 
pathogenic Escherichia coli cells, termed “longus”  and classified as new class of 
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TFP (Giron et al. 1994). The exact function of longus is not yet clear but is 
believed to promote bacterial aggregation (Giron et al. 1994). 
Like Synechocystis and M. aeruginosa (reported in part A of this chapter), N. 
punctiforme is also known to produce PLS. We were curious to know whether 
these PLS can also act as microbial nanowires and thus their electrical 
characterization was done using Conductive AFM. A six day old culture of N. 
punctiforme, carrying short/thin and long/thick PLS was used for Conductive 
AFM analysis. Both types of PLS were found to be electrically conductive (Fig. 
3B.3a-b) and thus may function as MNWs. The current detected in short/thin PLS 
was in the nA (~10-9A) range (Fig. 3B.3a) while that of long/thick PLS was in the 
μA (~10-6A) range (Fig. 3B.3b). The large diameter of long/thick PLS may have a 
greater charge carrying capacity than that of short/thin PLS, resulting in higher 
current. N. punctiforme cells subjected to continuous light intensity were also 
observed to produce conductive short/thin PLS (Fig. 3B.3c). The appearance of 
conductive PLS under normal and light stress suggests that its production is non-
specific to culture conditions used. This behaviour is different from the other 
cyanobacteria, Synechocystis and M. aeruginosa where the PLS production was 
found to be sensitive to the carbon supply as well as light intensity (Sure et al. 
2015). The N. punctiforme PLS were often observed to be associated with some 
ECM which was non-conductive in nature (Fig. 3B.S2). The non-conductive 
behaviour of ECM is also evident from current-map images where PLS looks 
non-conductive wherever it is covered with ECM (Fig. 3B.S3). The current-map 
images also shows that whole PLS were conductive and conductivity was not 
position specific (Fig. 3B.S3). 
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Fig.3B.2 AFM and TEM analysis of Nostoc punctiforme long/thick and short/thin 
PLS. (a) AFM (Asylum Research) deflection error image of N. punctiforme cells 
along with long/thick PLS. (b) Magnified image of a showing interconnected 
long/thick PLS. (c) Magnified image of b where long/thick PLS seem to be 
bundles of PLS. Please refer scale bar mentioned on X-Y axis of images. No 
short/thin PLS were observed here. (d) Similar results were also obtained in TEM 
analysis where only long/thick PLS and no short/thin PLS were observed on cells. 
(e) AFM (Bruker) image of N. punctiforme cells along with long/thick PLS 
(denoted by open arrow) and short/thin PLS (denoted by closed arrow). Please 
refer scale bar mentioned on X axis of image e 
 
 
At the hormogonium growth stage, N. punctiforme can initiate symbiosis with 
certain plant species (e.g. Azolla, Macrozamia, Gunnera etc.) (Meeks, 1998; 
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Meeks, 2006). For efficient symbiosis, plants produce hormogonium inducing 
factor that can convert a whole population of N. punctiforme cells into the 
hormogonium stage. Further, mutations affecting number and size of pili in N. 
punctiforme have been shown to decrease its competency to form symbiotic 
association with the plants (Duggan et al. 2007). In light of this information, it is 
speculated that PLS in N. punctiforme are important for their symbiotic 
association with plants. In contrast to peritrichous short/thin PLS, 1-2 long/thick 
PLS were found per filament, spanning a region more than 10 μm2. Thus it can be 
speculated that such long structures might facilitate interaction with other distant 
cells (from same or different species) or may help in communication with plants 
during symbiosis (Duggan et al. 2007). Microbial nanowires in G. sulfurreducens 
and other microorganisms are also hypothesized to be involved in intra- and 
interspecies electron transfer and have been observed to interconnect cells from 
same or different species (Gorby et al. 2006; Rotaru et al. 2014; Morita et al. 
2011; Reguera 2011; Summers et al. 2010). Nevertheless, the function of these 
novel extracellular structures of N. punctiforme remains to be clarified.  
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Fig. 3B.3 Conductive AFM analysis of PLS from Nostoc punctiforme. I-V spectra 
of PLS of (a) short/thin and (b) long/thick PLS from N. punctiforme grown in 
normal culture conditions. (c) I-V spectra of short/thin PLS from N. punctiforme 
cells grown under continuous light intensity. Inset in each I-V graph is the 
topographical AFM image of respective PLS. Inset in Image b is the 
topographical image of Fig. 3B.2c. Red spot shows the position where 
conductivity was checked. The long/thick PLS show current in microampere (μA) 
range (b) while short/thin PLS show current in nanoampere (nA) range (a and c) 
 
   
   80
 
CHAPTER 3B - SUPPLEMENTARY DATA 
 
 
Fig. 3B.S1 TEM analysis of Nostoc punctiforme short/thin and long/thick PLS 
(denoted by closed and open arrow, respectively). (a) Long/thick PLS observed 
along with short/thin PLS in N. punctiforme.  (b) Magnified image of a in the 
reverse direction showing closely spaced long/thick PLS and short/thin PLS. (c) 
Magnified image of b showing short/thin PLS. (d-e) N. punctiforme cells showing 
long/thick PLS along with short/thin PLS 
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Fig. 3B.S2 I-V graph of extracellular material (ECM) attached to the PLS (inset 
of Fig. 3B.3b).  Horizontal noisy line represents non-conductive behaviour of 
ECM  
 
 
 
 
Fig. 3B.S3 Current map images of (a) short/thin and (b) long/thick PLS from N. 
punctiforme grown under normal culture conditions, at +0.2V. (c) Current map 
images of I-V spectra of short/thin PLS from N. punctiforme cells grown under 
continuous light intensity, at +0.2V 
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CHAPTER 4:  Analysis of Exposure of Cyanobacterial Nanowires 
to Arsenic: Synechocystis, a Model System 
This chapter discusses the potential role of Synechocystis MNWs in cell-As 
interactions. This chapter has been submitted as a research paper, details of which 
are as below; 
 
Title: Synechocystis nanowires mediate interaction with arsenic which stimulates 
cell growth 
Authors: Sandeep Sure, M. Leigh Ackland, Aditya Gaur, Priyanka Gupta, Alok 
Adholeya, Mandira Kochar 
Submitted to Journal: Environmental Science and Technology (in December 
2015) 
 
To meet the requirements of the thesis format, conclusion section from above 
mentioned manuscript has been removed from this chapter and has been rewritten 
as a part of chapter 6 in this thesis. Minor grammatical errors of submitted 
manuscript have also been rectified. 
 
"Reproduced with permission from Environmental Science and Technology, 
submitted for publication. Unpublished work copyright 2016 American Chemical 
Society."  
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Abstract 
MNWs can play an important role in the transformation and mobility of toxic 
metals/metalloids in environment. The potential role of MNWs in cell-As 
interactions has not been reported in microorganisms and thus we explored this 
interaction using Synechocystis PCC 6803 as a model system. The effect of IC50 
[~300mM As (V) and ~4mM As (III)] and non-inhibitory [4X lower than IC50 i.e. 
75mM As (V) and 1mM As (III)] concentrations of As was studied on 
Synechocystis cells in relation to its effect on Chl a, TFP-As interaction and 
intracellular/extracellular presence of As. Increased Chl a production was 
observed in As treated cultures. In-silico analysis showed that PilA1 of 
electrically conductive TFP i.e. microbial nanowires of Synechocystis have 
putative binding sites for As. In agreement with in-silico analysis, TEM analysis 
showed that As was deposited on Synechocystis nanowires at all tested 
concentrations. The potential of Synechocystis nanowires to immobilize As can be 
further enhanced and evaluated on a large scale and thus can be applied for 
bioremediation studies.  
 
4.1. Introduction 
As is one of the most widely distributed toxic elements on earth and has become a 
major cause of concern in recent years due to increased human activities like 
mining, well drilling, pesticide use, burning of fossil fuels, etc. (Yin et al. 2011; 
Shen et al. 2013). Inorganic As is mainly found in two common oxidation states 
i.e. trivalent arsenite [As (III)] and pentavalent arsenate [As (V)]. As (III) is not 
only more toxic, but also shows greater solubility (4-10 times) than As (V). As 
(III) exerts its toxic effect by binding with –SH (sulphydryl) sites of various 
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proteins while As (V) inhibits oxidative- as well as photo-phosporylation 
(Miyashita et al. 2012). 
In the environment, As concentrations varies from 5mg L-1 ( in earth’s crust) to 
as high as 130,000mg L-1 (in acid mine water) (Shen et al. 2013; Majzlan et al. 
2014). Microorganisms are known to play an important role in cycling of As in 
the environment (Huang et al. 2014). Cell-As interactions have been widely 
studied in different cyanobacteria (Huang et al. 2014) and Synechocystis PCC 
6803 is known to have an intricate machinery involving enzymes [e.g. As (V) 
reductase, methylase etc.], transporters etc. to interact with As (Lopez-Maury et 
al. 2003). The As resistance operon (arsB, arsC and arsH) in Synechocystis is 
known to be induced in the presence of As (III) and antimony (III), but not As (V) 
(Lopez-Maury et al. 2003). ArsB is involved in extrusion of As (III) while ArsC 
is thought to play a role in As (V) detoxification (Lopez-Maury et al. 2003). ArsH 
has been shown to have a quinone reductase activity and hypothesized to protect 
the cells from oxidative stress caused by As (III) (Hervás et al. 2012).   
Apart from ArsC, two secondary As (V) reductases (ArsI1 and ArsI2) have 
also been observed in Synechocystis (López-Maury et al. 2009). Synechocystis 
produces S-adenosylmethionine methyltransferase (ArsM) which methylates As 
(III) to the almost non-toxic methylated species (Yin et al. 2011). Additionally, 
Synechocystis has been shown to produce arsenosugars from inorganic As 
(Miyashita et al. 2012). However, organic As species do not seem to be part of the 
detoxification mechanisms and may be formed for different purpose (e.g. 
membrane lipid bilayers) (Miyashita et al. 2012). The conversion of As (V) to As 
(III) and its subsequent efflux from the cells is one of the major As detoxification 
mechanisms in Synechocystis (Zhang et al. 2013; Sánchez-Riego et al. 2014). 
This sophisticated machinery may give Synechocystis an ability to tolerate 
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relatively high levels of As compared to other cyanobacteria (Wang et al. 2013; 
Huang et al. 2014) and also implies that it might be playing an important role in 
As biogeochemistry (Yin et al. 2011). 
Research on Synechocystis-As interactions has considered it as a toxic 
molecule at specific concentrations and describes mechanisms that deal with As 
toxicity. However, growing number of studies in various bacteria and 
cyanobacteria suggests its use as a bioenergetic molecule (Kulp et al. 2008; van 
Lis et al. 2013; Nagy et al. 2014). Further, in various bacteria, extracellular 
structures like pili, extracellular polysaccharides, outer membrane vesicles etc. 
have been shown to play a role in cell-metal interaction (Reguera et al. 2005; 
Gorby et al. 2008; Cologgi et al. 2011; Planchon et al. 2013). In this chapter, we 
investigate the effect of As on growth behaviour of Synechocystis cells. TFP in 
Synechocystis are electrically conductive in nature i.e. they can act as microbial 
nanowires (Sure et al. 2015). The influence of As on the production of TFP in 
Synechocystis and their potential role in Synechocystis-As interactions has not 
been explored so far. This study describes the intracellular and extracellular 
morphological changes induced by As and indicates a potential role of 
Synechocystis TFP in cell-As interactions.  
 
4.2. Materials and Methods 
4.2.1. Growth conditions 
Synechocystis PCC 6803 was cultured and maintained in BG11 medium (Stanier 
et al. 1971) supplemented with 0.05mM NaHCO3. The culture was grown in non-
shaking (static) conditions, at 25°-27°C and under alternate light/dark (16 h/8 h) 
conditions with light intensities of ~40-50 μmol photons m-2s-1. To study the 
involvement of iron (Fe) and manganese (Mn) in extracellular As precipitation, 
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the Synechocystis cells were also grown in Fe-Mn- BG11 i.e. BG11 medium 
lacking Fe (Ammonium ferric citrate) and Mn (Manganese chloride) sources. For 
As studies, sodium arsenate (Na2HAsO4.7H2O) i.e. As (V), (Loba Chemie, India) 
and sodium arsenite (NaAsO2) i.e. As (III) (Loba Chemie, India) were used while 
for sodium ion (Na+) studies, NaCl (Fisher Scientific) was used. Ten% inoculum 
of OD750 1.2 from exponential growth phase cultures were used for all 
experiments which were done in triplicates. Synechocystis cells studied here were 
grown and maintained in As free conditions for over three years in our lab. 
 
4.2.2. Determination of chlorophyll-a concentration of Synechocystis cells 
The chlorophyll (Chl) a concentration of Synechocystis cells was determined as 
described previously (Wintermans and De Mots 1965; Knudson et al. 1977; Luo 
et al. 2013; Wang et al. 2013; Gupta and Ballal 2015) with some modifications. 
Briefly, 1ml cell culture was centrifuged at 6000rpm for 4 minutes. After 
centrifugation, 950μl supernatant was removed and an equivalent amount of 
100% ethanol was added to the cell pellet which resulted in a final concentration 
of 95% ethanol. The pellet was fully resuspended in ethanol by vortex mixing. 
This solution was kept at 4°C for 24 hours. After 24 hours, the cells were 
centrifuged again and supernatant was collected in a fresh vial. The absorbance of 
resultant supernatant was taken at 665 nm and the Chl a was calculated using the 
following formula; 
                               Chl a (mg/L) = 13.70×A665nm  
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4.2.3. Determination of half maximal inhibitory concentration (IC50) of As 
for Synechocystis cells 
Preliminary screening of Synechocystis cells for tolerance to As was carried out 
[from4-6mM As (III) and from 300-400mM As (V)]. After preliminary studies, 
Chl a estimation (as it is a direct measure of proportion of viable cells in medium) 
was used in conjunction with measurement of change in optical density (OD750) to 
study the inhibitory effect of As on Synechocystis cells. To study the effect of Na+ 
present in As salts (sodium arsenate) on the cell growth, cells were treated with 
600mM of sodium chloride (NaCl) [i.e. the amount of Na+ present in 300mM of 
sodium arsenate (Na2HAsO4.7H2O)] and their Chl a concentration and  OD750 was 
monitored along with As (V) treated and control cells.  Synechocystis cells were 
also grown with subinhibitory concentrations of As [4X lower than IC50 i.e. 
75mM As (V) and 1mM As (III)]  in BG11 broth and its growth was monitored 
by Chl a and OD750 measurement.  
 
4.2.4. Microscopic analysis of As tretaed Synechocystis cells 
As-treated Synechocystis cells were analyzed using a phase contrast microscope 
(Olympus BX53, Japan) and TEM (FEI Tecnai G2 Twin, Netherlands). For all 
microscopic analysis, Synechocystis cells from mid-exponential growth phase 
were used. For phase contrast microscopy, 10μl cell suspension was transferred to 
a glass slide and diluted with 50μl of PBS (pH 7.4). The slides were allowed to air 
dry, covered with cover-slip and then viewed at 100X magnification. 
For surface analysis using TEM-EDX, cells were washed with PBS once at 
4000rpm for 5minutes. The washed cells were loaded onto the grid and viewed 
without negative/positive staining so as to avoid intereference caused by stains 
(i.e. phospotungstic acid or uranyl acetate) during EDX analysis. In case of 
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unwashed cells, cells were diluted 10-15 times with PBS, viewed and analysed at 
80-120kV. For intracellular analysis, the cells were fixed with 0.6% 
glutaraldehyde for 30 minutes and then postfixed with 1% osmium tetraoxide. 
The cells were dehydrated with acetone series from 10-100% and then embedded 
with Spurr’s resin. The embedded cells were sectioned using an ultramicrotome 
(PowerTome, RMC Products, USA). The cell sections were viewed with TEM  at 
80kV (for imaging) and 200 kV (for EDX analysis). EDX was done in TEM as 
well as in Scanning TEM (STEM) mode. Images were processed using Gatan’s 
Digital Micrograph software.  
 
4.2.5. Bioinformatic analysis of Synechocystis PilA1-As interaction 
Phyre2 software (intensive mode) (Kelley et al. 2015) was used to build the 
homology model of PilA1 (Kazusa Cyanobase-sll1694) as described in Chapter 3 
(Sure et al. 2015). The PilA1 structure was analysed using Pymol software (© 
Schrodinger 2010, LLC). Docking studies were performed by using PatchDock 
software (Beta 1.3 version). 
 
4.2.6. Determination of intracellular and extracellular As concentration 
The extracellular and intracellular concentration of total As was determined from 
cells harvested at mid-exponential growth stage. Ten ml cell culture was taken 
and centrifuged at 6000rpm for 4 minutes. The resultant supernatant was used for 
determination of extracellular concentration of As present in the medium. The 
remaining cell pellet was washed with Milli-Q once to remove surface bound As. 
The cells were resuspended again in ice-chilled phospate buffer [1mM K2HPO4, 
0.5mM Ca(NO3)2 and 5mM MES] for 10 minutes to remove the apoplastic As 
(Yin et al. 2011; Yin et al. 2012; Zhang et al. 2013). The cells were centrifuged 
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again, resultant supernatant was discarded  and the remaining cell pellet was oven 
dried. The dried cell pellet (4mg each) was digested by adding 9ml of conc. 
HNO3 and 3ml of conc. HCL and then subjected to microwave assisted digestion 
(MARS Microwave Digester, CEM Corporation, USAEPA Method 3015A). The 
digest was filtered using Whatman  filter paper (Grade 41) and volume of the 
filtrate was made upto 25ml using Milli-Q water (Bhattacharya and Pal 2011). 
Flame atomic absorption spectroscopy (ICE 3500 AA System, Thermoscientific, 
UK) was used to determine the total concentration of As. 
 
4.3. Results and Discussion  
4.3.1. IC50 of arsenic for Synechocystis cells 
In our preliminary analysis, a significant reduction in the cell growth was 
observed beyond 300 mM As (V) and 4mM As(III). The Chl a and OD750 
measurement of 14th day cultures (mid-exponential growth phase) treated with 
300mM As (V) and 4mM As (III) showed that these As concentrations caused 
~40-50% growth inhibition and thus these were used for further studies (Fig. 4.1, 
Fig. 4.S1). The high tolerance of As shown by the lab grown Synechocystis is 
comparable to the As hypertolerant Bacillus sp. strain DJ-1 [IC50 of 400mM As 
(V) and 10mM As (III)] which was isolated from an As contaminated site (Joshi 
et al. 2009). This suggests that the Synechocystis cells may have in built capacity 
to deal with high concentrations of As. 
NaCl concentrations ≥550mM are known to induce salt stress in Synechocystis 
leading to significant changes in protein synthesis, ATP generation etc. which in 
turn affects cell growth (Hagemann et al. 1991; Jeanjean et al. 1993). The 300mM 
of sodium arsenate used in this study contains 600mM of Na+ ions which is 
enough to cause salt stress to cells. Hence, we also studied whether the Na+ 
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present in sodium arsenate can affect cell growth. We observed the growth curve 
of sodium arsenate and 600mM NaCl treated cells to be quite similar (Fig. 4.1, 
Fig. 4.S1). This suggests that Na+ has a significant influence on cell growth in 
sodium arsenate treated cells. It also implied that cell inhibition in sodium 
arsenate treated cells, may be the sole effect of Na+, as same growth curve was 
observed with and without As.  Thus, it seems that the actual tolerance level of As 
(V) for the Synechocystis cells might be much higher than that observed in our 
study. Future studies involving higher concentration of sodium arsenate should 
consider the effect of Na+ on Synechocystis cell physiology.  
Unlike As (V), the cells treated with 4mM As (III) showed different growth 
behaviour. No significant cell growth was observed upto 7 days during which the 
cells may be acclimatizing themselves to the toxic concentration of As (III). After 
7 days, the cells showed gradual increase in growth till 21st day (Fig. 4.1, Fig. 
4.S1). A previous report has shown that Synechocystis has ability to grow in 
presence of upto 100mM As (V) and 3mM As (III) (Nagy et al. 2014). However, 
these results cannot be compared with our study, as authors of this paper have not 
mentioned it specifically as the maximum tolerable concentration. Difference in 
the As tolerance level for Synechocystis in different studies can be attributed to 
growth conditions and initial inoculums used for the study. Higher inoculum 
provides more cells and thus reducing toxic load per cell which thereby increases 
tolerance/IC50 values (Huang et al. 2014). Further, As (III) showed more toxicity 
(~100 times) to Synechocystis cells than As (V) (Fig. 4.1, Fig. 4.S1). Similar 
results have been observed in other cyanobacteria like Microcystis aeruginosa, 
Nostoc muscorum, N. minutum and Tolypothrix tenuis (Ferrari et al. 2013; Wang 
et al. 2013).  
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Synechocystis cells showed increased Chl a production in the presence of non-
inhibitory concentrations of As i.e. at 75mM As (V) and 1mM As (III) (Fig. 4.1). 
Photosynthetic organisms are known to produce higher Chl a in shading 
conditions to optimally use available light (Raghavendra, 2000; Beneragama and 
Goto 2010). The possibility of increase in Chl a due to a shading effect was ruled 
out here by exposing all the cultures to the same light intensity i.e. ~40-50 μmol 
photons m-2s-1. Increased Chl a production was also observed in 4mM As (III) 
treated cells (Fig. 4.1).  
 
 
Fig. 4.1  Effect of arsenic and sodium ions (Na+) on Synechocystis cell growth. 
300mM As (V) and 4Mm As (III) causes around 40-50% of cell growth 
inhibition. 300mM sodium arsenate (Na2HAsO4.7H2O) contains 600mM of Na+. 
To study the effect of these Na+ on cell growth, cells were cultured with 600mM 
NaCl and its effect on cell growth was studied along with As (V) treated and 
control cells. 300mM sodium arsenate and 600mM NaCl treated cells showed 
quite similar growth pattern, suggesting significant influence of Na+ on cell 
growth in arsenic treated cultures. Distinct growth stimulatory behaviour of As on 
Synechocystis cells was observed after 7 days. 75mM As (V) shows 
comparatively stronger growth stimulation than 1mM As (III). The data has been 
presented as mean±standard deviation (n=3).  
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4.3.2. Phase contrast microscopy of arsenic treated Synechocystis cells 
As (III) is approximately 100 times more toxic than As (V) for Synechocystis cells 
and this difference in As toxicity may force the cells to adapt different stress 
responses. When observed under the phase contrast microscope, no significant 
difference was observed in control and the As (V) treated cells (Fig. 4.2a-c). 
However, the cell aggregation was observed in As (III) treated cells (Fig. 4.2d-e). 
Such As (III) induced cell aggregation was also visible macroscopically (Fig. 
4.S2). As (III) is believed to cause oxidative stress in Synechocystis sp. (Hervás et 
al. 2012; Xue et al. 2014). Further, oxidative stress induced by microcystin (a 
toxin produced by Microcystis) is known to induce cell aggregation in 
Synechocystis (Li et al. 2009). Such cell aggregation allows greater tolerance to 
toxic substances and stress conditions. Thus, cell aggregation observed here might 
be the result of oxidative stress induced by As (III). Cell aggregation has 
previously been observed in Nostoc muscorum at 10,000ppm As concentration 
(Ferrari et al. 2013).  
 
4.3.3. Arsenic modulates number and length of TFP in Synechocystis 
In 75mM As (V) treated cells, the piliation level appeared to be the same as in 
control cells (Fig. 4.3a-b). Piliation level in 300mM As (V) treated cells was quite 
low and pili were absent on most of the cells (Fig. 4.3c). Reasons for such low 
piliation have not been established but it may be the result of cumulative stress 
caused by As and Na+ as discussed previously. In extreme stress conditions, the 
cell usually sheds off all dispensable proteins and utilizes all energy for vital cell 
activities and this might explain the observed low piliation in 300mM As (V) 
treated cells. TFP in Synechocystis are believed to play a role in cell aggregation 
(Nakasugi et al. 2006; Galante et al. 2012). It is also hypothesized that longer TFP 
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help the cells to form large cell aggregates (Galante et al. 2012). Consistent with 
these observations and phase contrast microscopy analysis (Fig. 4.2d-e), we have 
observed not only higher number of TFP but also longer TFP in 1 and 4mM As 
(III) treated cells (Fig. 4.3d-e). Apart from cell aggregation, increased piliation 
may be involved in other functions, possibility of which was explored using 
bioinformatics studies.  
 
 
Fig. 4.2 Phase contrast microscopy analysis of arsenic treated Synechocystis cells. 
No significant difference was observed in control (a), 75mM As (V) (b) and 
300mM As (V) (c) treated cells.  Strong aggregation of cells was observed at 
1mM (d) and 4mM (e) As (III) concentration  
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4.3.4. Bioinformatic analysis of TFP-arsenic interactions in Synechocystis 
The amino acids cysteine (C), aspartic acid (D), glutamic acid (E) and arginine 
(R) are known to be involved in binding with As (Santini and vanden Hoven 
2004). Proline (P) is known to bind various metals and also known to be involved 
in quenching of reactive oxygen species in plants (Matysik et al. 2002; Sharma 
and Dietz 2006). Synechocystis PilA1, a monomer of TFP was found to be 
relatively rich in the above mentioned amino acids which hinted the possibility 
that Synechocystis TFP might be involved in extracellular As interaction (Fig. 
4.S3).  
To support our hypothesis, we bioinformatically analyzed the carboxyl-
terminal structure of PilA1 which  is predicted to be present on the outer surface 
of TFP (Sure et al. 2015). At the carboxyl-terminal, three sulfur containing amino 
acids [two C and one methionine (M)] are closely placed (Fig. 4.S3). C is usually 
present in enzymes [e.g. As (V) reductase/oxidase] and proteins (e.g. repressor 
ArsR from Escherichia coli, metallothionein) involved in As reactions (Shen et al. 
2013). As (III) has strong affinity for sulfhydryl group (–SH) present in C and 
binds to three residues of C as described in Fig. 4.4a (Shen et al. 2013; Nagy et al. 
2014). It is possible that As (III) binds in similar manner with the closely spaced 
three sulphur containing amino acids [two C (-SH) and one M (-S-CH3)] of PilA1 
(Fig. 4.S3). To evaluate this possibility, molecular docking was done using 
Synechocystis PilA1 as a receptor molecule and As (III) as a ligand. We observed 
that As (III) shows a potential binding site near the three sulphur containing 
amino acids, as discussed above [Fig. 4.4b(1)]. Both C and M can be involved in 
electron transfer processes and even act as a stepping stone in long range electron 
transfer (Wang et al. 2009; Sun et al. 2015). This suggests that PilA1 can not only 
bind to the As (III), but may also be involved in its transformation. However, - 
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- 
 
Fig. 4.3 Determination of piliation level in arsenic treated Synechocystis cells 
using transmission electron microscopy. Control (a) and 75mM As (V) (b) treated 
cells showed similar level of piliation while very few to almost no pili were 
observed in 300mM As (V) treated cells (c). Longer and high number of pili 
observed in cells treated with 1mM (d), 4mM (e) concentration of As (III). Pili 
have been shown with black arrows 
 
more elaborate studies are needed to confirm this hypothesis. R is predicted to be 
important in As reactions as it can interact directly with As and its intermediates 
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(DeMel et al. 2004). R residues were observed to be adjacent to C residues in 
PilA (Fig. 4.S3) suggesting their potential role in As interactions. The C-terminal 
of PilA1 was also found to be rich in acidic amino acids (D and E) (Fig. 4.S3). 
High content of D and E is indicative of greater ionic interactions and may be 
involved in As binding (Joshi et al. 2009). When As (V) was docked against the  
carboxyl terminal of PilA1, it showed a potential binding site in the acidic amino 
acid rich pocket [Fig. 4.4b (2)]. 
The above observations suggests that Synechocystis TFP might be involved in 
extracellular interaction with As, and may have potential to interact with other 
metals also. Structure determination of PilA1 by experimental techniques (e.g. X-
ray crystallography, Cryo-electron microscopy) will provide more detailed 
information about possible TFP-As interactions. 
 
 
4.3.5. Synechocystis TFP interacts with arsenic, iron and manganese 
To confirm the results obtained from the bioinformatics analysis, TEM-EDX 
analysis of As treated Synechocystis cells was carried out. In agreement with in 
silico studies, putative TFP-As complexes were observed on Synechocystis cells 
for all tested concentrations of As (III) and (V), except in control cells (Fig. 4.5-
4.6, Fig. 4.S4-4.S6). We have used term “putative TFP-As complexes” as our 
earlier study has confirmed that extracellular filaments produced by Synechocystis 
are proteinaceous in nature and are TFP (Sure et al. 2015). 
Along with As, iron (Fe) and manganese (Mn) was also found to be deposited 
on TFP (Fig. 4.5-4.6, Fig. 4.S5). We have found extracellular deposits of Fe and 
Mn in control cells also (Fig. 4.S4), albeit in a very few cells. In control and As 
treated cells, mainly four types of TFP were observed; 1) TFP with no As, Fe or 
Mn deposition; 2) TFP bound to As only; 3) TFP bound to Fe,Mn and As; 4) TFP 
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bound to Fe or Mn or both.  For case 2 and 4, it is possible that As, Fe or Mn may 
be present on TFP but could not be detected due to a very low concentration. The 
line EDX shows that As, Fe and Mn were colocalized on TFP (Fig. 4.6; Fig. 
4.S5).  
The deposition of As, Fe and Mn on TFP seems to increase the total diameter 
of it (Fig. 4.5d-f). The diameter of TFP associated with As and other metals was 
found to be around ≥15nm (Fig. 4.5e) while it was around 5-7nm in control cells 
(Fig. 4.5f). As discussed in the previous section, Synechocystis TFP are rich in 
amino acids which can bind with various metals. These electroconductive TFP i.e. 
MNWs may be helpful for microorganisms for extracellular interaction with toxic 
metals/metalloids. MNWs produced by Geobacter sulfurreducens and Shewanella 
oneidensis have been shown to be involved in electron transfer from cells to 
metals and found to be intertwined with Fe (III) oxides (Reguera et al. 2005; 
Gorby et al. 2006). Microbial nanowires of Aeromonas hydrophila have also 
shown a similar pattern when grown with ferric oxides (Castro et al. 2014). Thus, 
it may be possible that the presence of metal binding amino acids and the 
conductive behaviour of Synechocystis TFP may have lead to deposition of As 
and other metals on it. The presence of any cytochrome like proteins on 
Synechocystis TFP surface and their potential role in As and other metal 
interactions needs to be explored to have complete understanding of such 
interactions. 
To confirm whether TFP-As interaction in Synechocystis is Fe/Mn mediated or 
not, cells were grown in Fe and Mn deficient medium (i.e. Fe-Mn- BG11). No 
extracellular deposition of  Fe/Mn was observed in control and As treated cells 
grown in Fe-Mn- BG11 (Fig. 4.S7-4.S8). This confirmed that Fe/Mn present in 
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normal BG11 medium was the source of extracellular Fe/Mn deposits observed in 
Synechocystis cells (Fig. 4.5-4.6, Fig. 4.S4-4.S6).  
 
 
Fig. 4.4 Molecular docking of Synechocystis PilA and arsenic. a) Schematic 
representation of As (III) binding to three closely spaced sulphur containing 
amino acids (i.e. C or M). b) As (III) (shown in blue colour) shows potential 
binding site at three –S containing amino acids (two cysteines and one 
methionine, shown in red colour) (1). As (V) (shown in blue colour) shows 
potential binding at carboxyl terminal pocket which is rich in acidic amino acid 
(aspartic acid and glutamic acid, shown in yellow colour) (2). For As (III) and As 
(V) docking, only area of interest of PilA1 has been shown 
 
 
When grown in Fe-Mn- BG11, putative TFP-As complexes were observed on  
cells treated with 75mM As (V) (Fig. 4.S7c-d), while in case of 300mM As (V) 
treated cells, As was observed in an extracellular dense, complex  structure, the 
composition of which could not be confirmed (Fig. 4.S7e-g). The formation of 
such dense, large extracellular As containing complexes was prominently 
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observed in 300mM As (V) treated cultures (Fig. 4.S5 and 4.S7e-g) and may be 
the result of high concentration of As present in medium. Putative TFP-As 
complexes was also observed in 1 and 4mM As (III) treated cells which were 
grown in Fe-Mn- BG11 (Fig. 4.S8).   
Since putative TFP-As complexes was also observed in cells grown in Fe-Mn- 
BG11 media, it is possible that TFP-As interaction is not mediated by Fe/Mn. 
Significantly higher deposition of As was observed on putative TFP than on cell 
surface (Fig. 4.6, Fig. 4.S5a-b, Fig. 4.S7c-d, Fig. 4.S8e-f) signifying potential of 
these structures in removal of As from medium. Compared to control, reduced 
cell growth was observed in cells grown in Fe-Mn- BG11 medium (Fig. 4.S9) 
which is in accordance with earlier published studies (Odom et al. 1993; Salomon 
and Keren 2011). Interestingly, for cells grown in Fe-Mn- BG11 medium, 75mM 
As (V) treated cells was observed to ameliorate the absence of Fe/Mn in early 
stages of growth (Fig. 4.S9).  
 
There are two possibilities by which the binding of As to TFP may be 
important for cells. First, it may help to lessen the direct interaction with cell 
membrane and thereby minimizes damage to it. This may help cells to have 
greater tolerance to As. Further, Synechocystis TFP have been shown to be 
electrically conductive in nature. Such electrically conductive pili i.e. nanowires 
in G. sulfurreducens have previously been shown to act as a protective barrier 
against toxic metals like uranium (Cologgi et al. 2011) and it is possible that a 
similar mechanism may be operating here. The second possibility is that 
Synechocystis cells may use As as a photosynthetic electron source where 
electrically conductive TFP may be acting as conduit of electron transfer.   
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Fig. 4.5 Arsenic binds to Synechocystis TFP. Representative images showing 
Synechocystis cells treated with 75mM As (V) (a). Line EDX spectra (b) and 
EDX of square area (c) (highlighted by red colour in a) confirms the presence of 
As on putative TFP-As complexes. EDX spectra (c) also shows small Mn peaks 
suggesting its possible presence on putative TFP. Image d and e are the high 
magnification images of putative TFP-As complexes (≥15nm diameter). TFP 
from control cells (5-7nm in diameter) (f) at same magnification (X 29000) as that 
of putative TFP-As complex in image e 
 
Bacteria have been known to deposit Fe and Mn on their extracellular 
structures (Ghiorse, 1984; Konhauser, 1997; Frankel and Bazylinski, 2003). 
Synechocystis requires significant amounts of Fe for electron transfer in 
photosynthetic as well as respiratory chain and different membrane proteins -  
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Fig. 4.6 Representative TEM-EDX analysis of Synechocystis cells treated with 
1mM As (III).  Putative TFP-As complexes were observed on Synechocystis cells 
(a), which is confirmed by line EDX (highlighted by red line in a) (b-c). Fe was 
also observed along with As. Higher concentration of As was observed on 
putative TFP-As complexes than that of the cell. Line EDX data was collected 
from left to right direction (i.e. from top to bottom) 
 
/transporters have been shown to be involved in its uptake (Jiang et al. 2012; 
Jiang et al. 2014). Synechocystis does not produce siderophores and thus different 
mechanisms for Fe acquisition have been hypothesized (Kranzler et al. 2011). 
Here we have observed that Synechocystis TFP  are involved in Fe 
binding/precipitation from solution which later may be taken up by cells 
(Kranzler et al. 2011). These results support earlier research where Synechocystis 
PilA1 are shown to be  involved in Fe acquisition (Lamb et al. 2014). Apart from 
Fe, Mn was also found to be deposited on TFP which is an important finding 
considering the fact that Mn is an essential part of water oxidizing centres of the 
cyanobacterial photosynthetic apparatus (Salomon and Keren 2011). Apart from 
electrically conductive TFP, other factors might be involved in extracellular 
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precipitation of As, Fe and Mn. For example, by oxygenic photosynthesis, 
cyanobacteria can increase oxygen concentration and pH, which in turn can assist 
in the precipitation of Fe and Mn (Nealson and Saffarini, 1994; Konhauser, 1997; 
Frankel and Bazylinski, 2003). The individual contribution of biotic and abiotic 
factors in extracellular precipitation of As and other metals needs to be explored 
further. 
 
4.3.6. Intracellular analysis of Synechocystis cells 
Synechocystis is known to accumulate As intracellularly (Yin et al. 2011; 
Miyashita et al. 2012; Yin et al. 2012; Zhang et al. 2013). Effects of such 
intracellular accumulation of As on cell organelles have not been studied so far. 
Also it is not known whether As accumulates at any particular site in the cell. 
Apart from efflux of As, microorganisms are also known to store them in 
vacuoles (Mukhopadhyay et al. 2002). TEM-EDX analysis of cell sections of As 
treated Synechocystis cells showed no distinct intracellular morphological 
differences in comparison to control cells (Fig. 4.S10a-e). In GFAJ-1, a 
Gammaproteobacterium, As treatment resulted in the formation of vacuole like 
structures in cells that subsequently increased the total intracellular volume (1.5 
fold) compared to control cells (Wolfe-Simon et al. 2011). Increase in cell volume 
has also been reported in bacteria due to intracellular accumulation of As (Pandey 
and Bhatt 2015). No such vacuoles or increase in cell volume were observed in 
As treated Synechocystis cells (Fig. 4.S10a-e) which may be the result of efflux of 
As by arsenite transporter. In TEM-EDX analysis, no As was detected 
intracellularly in As treated cells.  
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4.3.7. Arsenic concentration determination using atomic absorption 
spectroscopy (AAS) 
To complement the intracellular analysis of As in Synechocystis cells, 
extracellular and intracellular concentration of total As was determined using 
AAS. In case of 75mM As (V) treated cells, ~90.65% (67.99±1.7mM) of total As 
was present extracellularly on 14th day while for 300mM As (V), it was ~86.05% 
(258.15±4.7mM). For 1mM As (III) treated cells, ~66% (0.66±0.2mM) As was 
present extracellularly on 14th day while for 4mM As (III), it was ~75.75% 
(3.03±0.4mM).   
The extracellular concentration of As (III) was considerably lower than As (V) 
which may be because of intracellular uptake of As (III) by the cell. As (V) needs 
to compete with phosphate for transport into the cell while As (III) can be easily 
transported in the cells via aquaporins (Wang et al. 2013). This might be reason 
behind higher percentage of extracellular As (V) than As (III). Similar results 
have been observed in Microcystis aeruginosa (Wang et al. 2013).  
Intracellular As (V) and As (III) could not be detected as it may be present 
below the detection range (1ppm) of flame AAS. To tackle As (V) toxicity, cells 
have developed a dedicated machinery which converts As (V) to As (III) [by As 
(V) reductase, ArsC] and selectively extrudes the latter out of the cell with the 
help of the specific transporter, ArsB (Li et al. 2003). The presence of As (III) 
transporter in Synechocystis might be the reason behind less intracellular presence 
of As (Yin et al. 2011; Miyashita et al. 2012; Zhang et al. 2013). High 
intracellular accumulation of As have been observed in bacteria lacking As (V) 
reductase and As (III) transporter (Joshi et al. 2009).  
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CHAPTER 4 - SUPPLEMENTARY DATA 
 
Fig. 4.S1 The growth behaviour of Synechocystis cells in presence of different 
concentrations of arsenic (As) and 600mM NaCl as determined by OD750 
measurement 
 
 
  
 
Fig. 4.S2 Arsenite causes cell aggregation in Synechocystis. Control (untreated) 
(a) and 1mM As (V) (b) treated cells show homogenous cell suspension while 
cells treated with 1mM As (III) (c) shows cell aggregation. Aggregated cells have 
been shown with black arrow 
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Fig. 4.S3 C-terminal of Synechocystis PilA showing closely placed 
cysteine/methionine residues (red coloured), arginine (blue coloured), aromatic 
amino acids (cyan coloured), aspartic and glutamic acid (yellow coloured) and 
proline (magenta coloured) 
 
 
 
Fig. 4.S4 Representative TEM-EDX analysis of As untreated Synechocystis cell 
(control). Extracellular precipitates of Fe and Mn were observed (a) which was 
confirmed by TEM-EDX analysis (b, Spot 1). No Fe or Mn was observed in blank 
area (c, Spot 2). Red square shows the area where EDX was taken. Synechocystis 
TFP have been shown with black arrows 
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Fig. 4.S5 Representative TEM-EDX analysis of Synechocystis cells treated with 
300mM As (V). Cells showing extracellular As precipitates (a) where presence of 
As, Fe and Mn was confirmed by line EDX (b-d) (highlighted by red line in A).  
Line EDX shows that As, Fe and Mn are colocalized. EDX data was collected 
from left to right direction (i.e. bottom to top). Higher concentration of As was 
observed on extracellular structures than that of the cell  
 
 
Fig. 4.S6 Representative TEM-EDX analysis of Synechocystis cell treated with 
4mM As (III). Putative TFP-As complexes was observed on Synechocystis cells 
(a, c). The presence of As was confirmed by spot (b) and line EDX (highlighted 
by red line in c) (d). Line EDX data was collected from left to right direction (i.e. 
from top to bottom) 
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Fig. 4.S7 TEM-EDX analysis of Synechocystis cells grown in Fe- Mn- BG11 
medium. Control cells (a) did not show the presence of As, Fe and Mn on cells or 
extracellular structures in EDX spectra (b). In image A, red square shows the area 
where EDX was taken. TFP have been shown with black arrows. 75mM As (V) 
treated cells (c) showed extracellular deposition of arsenic which confirmed by 
line EDX (highlighted by red line in c) (d). The extracellular deposition of As on 
putative TFP was significantly higher than on cells (see X-axis 0.5-10μm). Line 
EDX data was collected from left to right direction. 300mM As (V) treated cells 
(e) showed extracellular deposition of arsenic in large dense, complexes. The 
presence of As on these complexes was confirmed by EDX analysis of 
extracellular complex [Spot 1 (f)] and blank region [spot 2 (g)]  
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Fig. 4.S8 TEM-EDX analysis of As (III) treated Synechocystis cells which were 
grown in Fe- Mn- BG11 medium. Putative TFP-As complexes were observed in 
1mM As (III) treated cells (a-b). Image b shows the magnified view of putative 
TFP-As complexes.  EDX analysis confirmed the presence of As on putative TFP 
(c, Spot 1) while no As was observed in adjacent blank area (d, Spot 2). In 4mM 
As (III) treated cells (e), As containing extracellular dense complexes were 
observed. Line EDX (highlighted by red line in e) showed higher deposition of As 
on extracellular complexes than on cell surface. Putative TFP-As complexes was 
also observed (g-h) along with extracellular As containing complexes. Putative 
TFP-As complexes have been shown with black arrow. Line EDX data was 
collected from left to right direction 
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Fig. 4.S9 Growth behaviour of As treated and untreated Synechocystis cells 
grown in Fe-Mn- BG11 medium. Arsenic treated and untreated cells grown in Fe-
Mn- BG11 medium show reduced cell growth compared to cells grown in normal 
BG11 medium, except that of 75Mm As(V) treated cells. Latter showed same 
growth behaviour as that of cells grown in normal BG11 medium till 7th day   
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Fig. 4.S10 Intracellular analysis of arsenic treated Synechocystis cells using 
transmission electron microscopy. No significant morphological changes were 
observed in control (a) and As [As (V) 75mM (b) and 300mM (c); As (III) 1mM 
(d) and 4mM (e)] treated cells  
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CHAPTER 5:  Role of Synechocystis nanowires in cell-chromium 
interactions 
This chapter investigates the potential role of Synechocystis MNWs in cell-
chromium interactions. This chapter has been submitted as a research paper in the 
journal, details of which are as below; 
Title: Extracellular binding and precipitation of chromium by Synechocystis PCC 
6803 nanowires 
Authors: Sandeep Sure, M Leigh Ackland, Chandrakant Tripathi, Alok 
Adholeya, Mandira Kochar 
Submitted to Journal: Journal of Environmental Sciences (in November 2015) 
 
To meet the requirements of the thesis format, conclusion section from above 
mentioned manuscript has been removed from this chapter and has been rewritten 
as a part of chapter 6 in this thesis. Minor grammatical errors of submitted 
manuscript have also been rectified. 
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Abstract 
Synechocystis sp. PCC 6803 produces TFP that act as nanowires. We studied the 
potential role of these MNWs in cell-chromium (Cr) interactions. The cell-Cr 
interactions in Synechocystis were characterized using microscopic (confocal and 
TEM) and in silico tools. Confocal microscopy analysis of cells treated with 
inhibitory concentrations of Cr (VI) indicated that some persister cells stay alive 
at these concentrations and commence growth after an acclimatization period. 
Further, TEM analysis showed extracellular precipitation of Cr (III) on 
Synechocystis nanowires which indicates that nanowires may play a role in Cr 
detoxification. This result was complemented by in silico analysis of PilA1 which 
showed that the putative binding site of chromate ions contains amino acids 
known to be involved in Cr binding and electron transfer. Thus, MNWs may help 
cells to persist at inhibitory concentrations. This is the first report describing the 
potential role of Synechocystis nanowires in cell-Cr interaction and a first of its 
kind study in an aerobic and photosynthetic microorganism. 
 
5.1. Introduction 
On account of its toxicity and increased use in industries (tanning, electroplating 
etc.), Cr has attracted the attention of scientists and different strategies are being 
explored for its remediation. Cr generally occurs in trivalent (III) and hexavalent 
(VI) states and its other oxidation states are unstable (Katz, 1991). Cr (VI) and Cr 
(III) have opposite characteristics where the former is highly soluble and toxic 
and the latter is barely soluble and less toxic (Daulton et al. 2002; Belchik et al. 
2011). Thus, reduction of Cr (VI) into Cr (III) is considered an effective 
detoxification strategy and several bacteria are known to employ it (Belchik et al. 
2011; Gupta et al. 2013). Extrusion of Cr out of the cells is another strategy used 
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by bacteria to deal with toxic Cr concentrations (Teitzel and Parsek 2003; Gupta 
et al. 2013).  
Microorganisms encounter different stressful conditions in the environment 
and have developed strategies to persist in adverse conditions. Cell persistence 
against antibiotics has been widely studied but there are very few reports of it 
against heavy metals (Harrison et al. 2005a; Harrison et al. 2005b). It has been 
shown that some persistent cells mediate tolerance to high concentrations of toxic 
metals (Harrison et al. 2005a; Harrison et al. 2005b). Such studies have acquired 
importance due to increasing concentrations of toxic metals in the environment 
and also due to their association with increased drug resistance in microorganisms 
(Baker-Austin et al. 2006). Synechocystis sp. has been explored for its potential 
use in the bioremediation of Cr (Hameed and Hasnain 2005; 2012; Gupta et al. 
2013; Khattar et al. 2014; Parveen et al. 2015). Further, intracellular accumulation 
and reduction of Cr has been reported in this organism (Gupta et al. 2013; Khattar 
et al. 2014). ArsH in Synechocystis have been shown to be able to reduce Cr (VI) 
(Xue et al. 2014).  
Synechocystis sp PCC 6803 TFP are composed of PilA1 subunits (Bhaya et al. 
2000; Sure et al. 2015). These TFP have been shown to be electrically conductive 
and thus can act as nanowires (Sure et al. 2015). Due to their conductive 
properties, these Synechocystis nanowires may play an important role in 
extracellular cell-metal interactions. The potential role of these nanowires in 
Synechocystis-Cr interactions has not been studied so far. In this chapter, we 
explore the cell viability and extracellular interaction of nanowires with Cr at 
different concentrations and highlight the potential role of nanowires in cell-Cr 
interactions.   
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5.2. Materials and methods 
5.2.1. Growth Conditions 
BG11 medium (Stanier et al. 1971) (supplemented with 0.05mmol/L NaHCO3) 
was used for maintenance and growth of Synechocystis sp. PCC 6803 (hereafter 
Synechocystis). While preparing BG11 agar plates, sodium thiosulfate (3g/L) was 
added in the medium. The culture was grown at 25°-27°C, under alternate 
light:dark (16 hr:8 hr) conditions with light intensities of ~40-50 μmol/( m2 s1) 
photons. Potassium dichromate (K2Cr2O7) and chromium sulphate (Cr2O12S3) 
were the Cr source used in all experiments. All chemicals used in this study were 
of analytical grade. All Synechocystis cultures were grown in triplicate. 
 
5.2.2. Viability and growth analysis of Synechocystis cells in presence of 
potassium dichromate 
Preliminary analysis of the effect of different concentrations of K2Cr2O7 (upto 
100 mg/L) on viability of Synechocystis cells was performed by determination of 
cfu/mL and confocal microscopy (Confocal Microscope - LSM 710, Zeiss, 
Germany) (Schulze et al. 2011). Based on these preliminary analyses, cells were 
subsequently treated with ~4, 8, 15, 30, 60, 90 and 120 mg/L of K2Cr2O7 and their 
growth was checked by estimation of Chl a as described (Wintermans and De 
Mots 1965; Knudson et al. 1977; Luo et al. 2013). Briefly, 1ml cell culture was 
centrifuged at 5000r/min for 5min and 950μl of its supernatant was discarded. 
Then an equal amount of 100% ethanol was added to the pellet to attain a final 
concentration of 95% ethanol. The Chl a was then extracted for 24 hr at 4°C. 
After 24 hr, cells suspension was centrifuged and Chl a present in supernatant was 
transferred in fresh eppendorf tube. The concentration of Chl a is determined by 
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taking its absorbance at 665 nm (Chl a absorption) and 649 nm (Chl b absorption) 
by using following formula; 
                               Chl a (mg/L) = (13.70×A665nm) – (5.76×A649nm) 
However, as Chl b is absent in Synechocystis (Xu et al. 2001; 2002), absorbance 
at 649 nm (Chl b absorption) was not taken and Chl a was calculated using the 
below mentioned modified formula; 
                                      Chl a (mg/L) = 13.70×A665nm 
 
5.2.3. Transmission Electron Microscopy – Energy Dispersive X-ray 
spectroscopy (TEM-EDX) analysis of chromium treated Synechocystis pili 
TEM-EDX analysis of cells treated with 0, 4, 15, 60 and 120 mg/L K2Cr2O7 was 
carried out as each of these concentrations caused distinct growth behaviour in 
cells as observed in viability analysis studies. As 21.18 mg/L of Cr (VI) is present 
in 60 mg/L K2Cr2O7, thus, one control set was prepared where cells were treated 
with 21.18mg/L of Cr (III) and its TEM-EDX analysis was done. For TEM-EDX 
analysis, 7th day cultures were harvested and washed once with phosphate 
buffered saline (PBS, pH 7.4). Samples were resupended again in PBS and were 
spotted on carbon coated grid.  Samples were allowed to air dry and then analysed 
using TEM (Tecnai T20 G2 Twin 200kV, FEI Netherlands). TEM was operated 
at 120kV and 200kV for imaging and TEM-EDX analysis, respectively. 
 
5.2.4. Bioinformatics analysis of PilA1-chromium interaction 
The structure of Synechocystis PilA1 was obtained as described previously (Sure 
et al. 2015). The docking of PilA1 and chromate ions was done using PatchDock 
software, and the solution with the highest score was selected for further analysis. 
Structural features of PilA1 were studied using Pymol. 
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5.3. Results 
5.3.1. Effect of chromium on viability of Synechocystis cells 
A significant decrease in viability (cfu/mL) was observed following exposure of 
cells to 4 mg/L K2Cr2O7 onwards in preliminary studies; however viable cells 
could not be detected for 25-100 mg/L range on 7th day (Fig. 5.S1). Qualitative 
analysis of the same samples by confocal microscopy showed that viable cells 
were present in all tested concentrations on 7th day (Fig. 5.S1). This pointed 
towards some persister cells staying alive at the higher concentrations of Cr which 
may have been detected by confocal microscopy but could not be observed as 
viable cells (cfu/mL).  
To further study cell persistence at inhibitory concentrations of chromium, 
Synechocystis cells were treated with different concentrations (0, 4, 8, 15, 30, 60, 
90 and 120 mg/L) of K2Cr2O7 and their growth was monitored using Chl a levels. 
Of all the concentrations tested, cells showed least inhibitory effect (~75% cell 
inhibition) at 4 mg/L K2Cr2O7 concentration. For other concentrations, cells 
showed small increase in growth after a lag phase (Fig. 5.1).  The lag phase 
increased in cells with increasing K2Cr2O7 concentration and was observed to be 
7, 14 and 21 days for 8, 15 and 30 mg/L, respectively (Fig. 5.1). Cells treated with 
60, 90 and 120 mg/L K2Cr2O7 concentration did not show any increase in cell 
growth till 27th day (Fig. 5.1).  
 
5.3.2. Extracellular TEM-EDX Analysis chromium treated Synechocystis 
cells 
Compared to control cells (Fig. 5.2a), cells treated with 4 mg/L K2Cr2O7 were 
observed to produce vesicular-chain like structures which were associated with 
pili (Fig. 5.2b). It could not be confirmed whether the observed structures were 
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Fig. 5.1 Growth curve of Synechocystis cells treated with different concentrations 
of K2Cr2O7. 21.18 mg/L Cr (III) is equal to the concentration of Cr (VI) in 60 
mg/L of K2Cr2O7. The data has been presented as mean±standard deviation (n=3) 
 
 
formed due to deposition of extracellular substances including Cr on pili or they 
are derived from the cell itself as a result of Cr stress. The presence of Cr could 
not be confirmed on these structures as its concentration may be below the 
detection limit (~1 mg/L) of TEM-EDX. Interestingly, in cells treated with 15 
mg/L of K2Cr2O7, Cr was associated with the extracellular pili-like structures (Fig. 
5.2c-d). The presence of Cr on pili like structures was more prominent at higher 
concentrations (60 and 120mg/L of K2Cr2O7) (Fig. 5.3). At these high 
concentrations of Cr, iron (Fe) was also observed along with Cr (Fig. 5.3b and 
Fig. 5.S2). Line EDX showed that Cr and Fe were co-localized (Fig. 5.S2). No 
such extracellular precipitation was observed in cells treated with 21.18 mg/L Cr 
(III) (Cr2O12S3) i.e. the amount of Cr(VI) present in 60 mg/L of K2Cr2O7 (Fig. 
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5.S3). No extracellular Cr was detected either in Cr (III) treated or control cells 
(Fig. 5.S3 and 5.S4) in TEM-EDX analysis. 
 
Fig. 5.2 TEM analysis of Synechocystis cells treated with 0 (control) (a), 4 (b) and 
15 mg/L (c) K2Cr2O7. Line EDX spectra (shown by red line, EDX taken from top 
to bottom) shows presence of chromium on pili like structure (d). Pili like 
structures have been shown with black arrow 
 
 
 
Fig. 5.3 TEM-EDX analysis of Synechocystis cells treated with 60 mg/L K2Cr2O7 
showing extracellular deposition of Cr on pili like strcutures (a). TEM-EDX 
analysis of Synechocystis cells treated with 120 mg/L K2Cr2O7 (b) Point EDX 
analysis was done on the pili like structure (Spot 1) and adjacent blank area (Spot 
2). Inset in each image shows respective EDX spectra. Cr or Fe was observed on 
pili-like structures while both these metals were not detected in adjacent blank 
area. Red dot shows the location where point EDX analysis was done. Pili like 
structures have been shown with black arrow 
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5.3.3. In-silico analysis 
Docking studies showed that chromate ions may have putative binding site near 
acidic [aspartic acid (D) and glutamic acid (E)] and aromatic [phenylalanine (F) 
and tyrosine (Y)] amino acids of PilA1 (Fig. 5.4). 
 
Fig. 5.4 Carboxyl-terminal of Synechocystis PilA1 docked against chromate ions. 
Chromate ions (shown in blue colour) shows putative binding site near acidic (D 
and E, shown in yellow colour) and aromatic (Y and F, shown in red colour) 
amino acids 
 
5.4. Discussion  
In Synechocystis, the role of extracellular structures in cell-chromium interactions 
has not been reported in detail. Due to their conductive nature, nanowires in 
Synechocystis may be acting as a conduit of electrons to or from other cells or 
external redox active substances. To confirm this hypothesis, Synechocystis cells 
were treated with different concentrations of Cr and its interaction with 
Synechocystis nanowires were studied. As the tanning industries are considered as 
one of the main source of chromium pollution and effluents generated from them 
is known to have around 11mg/L to ≥ 100 mg/L of Cr (Durai and Rajasimman 
2011), we used a similar range of Cr concentrations in our study. 
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Persister cells have been reported in Escherichia coli and Pseudomonas 
aeruginosa which were shown to mediate tolerance to high concentrations of 
different toxic metals like Cr, arsenic etc. (Harrison et al. 2005a; Harrison et al. 
2005b). From confocal and Chl a analysis, it was confirmed that some persister 
cells were present in Synechocystis at high concentrations of Cr. These cells may 
develop tolerance to such toxic concentration of metals and resume growth after a 
period of adaptation. The persistent cells present during such an adaptation period 
could not be detected by the colony count method but could be qualitatively 
determined by confocal microscopy as shown here. In confocal analysis, the cells 
treated with 25-100mg/L K2Cr2O7 were observed to give relatively less red auto 
fluorescence compared to controls and other test concentrations. This may have 
happened because of interference caused by relatively high concentrations of Cr 
which may have led to its adsorption on the Synechocystis cell surface, leading to 
decreased red auto fluorescence. The red auto fluorescence is proportional to the 
amount of Chl a present in the cell. Thus decreased red fluorescence may also be 
an indication of decreased Chl a amount in cells under toxic chromium 
concentrations (25-100mg/L K2Cr2O7). Cr (VI) has earlier been shown to cause 
decrease in photosynthetic pigments and photosynthesis in Synechocystis (Gupta 
and Ballal 2015). 
At 4 mg/L K2Cr2O7, ~75% growth inhibition was observed on 7th day.  Similar 
concentrations of K2Cr2O7 have been reported to cause 50% growth inihibition in 
same strain of Synechocystis (Gupta et al. 2013). The difference in percentage 
inhibition observed in this and earlier study may be attributed to the different 
growth conditions (temperature 30o C, continuous light intensity of 21 W/m2 in 
Gupta et al. 2013) used and the test time period (7 days in our study while 9 days 
in Gupta et al. 2013). Increase in lag phase was observed with increasing 
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concentration of K2Cr2O7. Similar results were observed in P. aeruginosa against 
copper stress and hypothesized to be the result of selection of copper resistant 
cells (Teitzel and Parsek, 2003).  Further, persister cells have also been observed 
in P. aeruginosa biofilms at very high concentrations of toxic heavy metals 
(Teitzel and Parsek, 2003). At high concentration of K2Cr2O7  (60-120 mg/L), we 
did not observe any cell growth till 27th  day which may be because they might 
take longer to acclimatize to increased concentration of K2Cr2O7 or due to 
complete destruction of all cells with time (Harrison et al. 2005a). Whether these 
persister cells represent a state similar to that reported in case of viable but 
nonculturable state in bacteria (Oliver, 2005) remains to be seen and maybe a 
future course of study with these photosynthetic microorganisms. It is to be noted 
that the persister cells observed under metal and antibiotic stress show different 
characteristics (Harrison et al. 2005a). From our and other reported studies, it 
seems that cell persistence is followed by the development of tolerant cells under 
high metal concentration which is not the case with antibiotic stress where 
persistence is not followed by tolerance against antibiotics (Teitzel and Parsek, 
2003; Maisonneuve and Gerdes, 2014). 
Synechocystis nanowires were observed to bind with Cr (VI) and form 
precipitates. Such precipitation of highly soluble Cr (VI) is believed to occur 
because of its reduction to insoluble Cr (III) (Daulton et al. 2002; Belchik et al. 
2011). Thus, the precipitation of Cr on nanowires might have occurred due to 
reduction of highly soluble Cr (VI) to less soluble Cr (III). This in turn acts as a 
detoxifying mechanism by converting toxic Cr (VI) to less toxic Cr (III) and 
preventing direct the interaction of toxic Cr (VI) with cell membrane. A similar 
function has also been proposed for nanowires in Geobacter sulfurreducens 
against toxic uranium (VI) (Cologgi et al. 2011). Thus Synechocystis nanowires 
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may be one of the mechanisms by which cells persist in toxic concentration of Cr 
and start active growth after a suitable acclimatization period. Further, nanowires 
in G. sulfurreducens have been shown to act as a primary uranium reductase 
where it reduces toxic U(VI) to U(IV) and lead to dense deposits of immobilized  
U(IV) on nanowires (Reguera et al. 2014). Our results reported here for 
Synechocystis also point that nanowires may be functioning as chromium 
reductase. The absence of extracellular Cr precipitation in Cr (III) treated cells 
supports our hypothesis that nanowires are actively interacting with Cr (VI) and 
reducing it. Cytochromes present on the outer surface of bacterial cells have been 
shown to be involved in extracellular reduction of Cr (VI) (Belchik et al. 2011). 
Though Synechocystis nanowires interact with Cr (VI), it is not yet known 
whether any redox proteins or cytochromes are present on Synechocystis 
nanowires and their possible role in such type of redox reactions. Synechocystis 
cells can also form extracellular precipitates of iron. The extracellular 
precipitation of iron also observed in this study in cells treated with relatively 
high concentration of Cr which needs to be researched further.  
In-silico analysis shows putative binding of chromate ions near acidic and 
aromatic amino acids of PilA1, a subunit of Synechocystis TFP. D and E are 
present in the chromium binding oligopeptide, chromodulin and believed to bind 
with Cr(III) (Vincent, 2000). Further, F has been reported to form a complex with 
Cr (III) (Yang et al. 2005). Aromatic amino acids are known to be involved in 
electron transfer reactions and thus may be involved in reduction of Cr (VI). 
Thus, the putative binding site of chromate in PilA1 could have amino acids 
which may have the potential to bind and reduce Cr. 
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CHAPTER 5 - SUPPLEMENTARY DATA 
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Fig. 5.S1 - 7th day confocal images of Synechocystis culture subjected to different 
concentrations of K2Cr2O7 ranging from 0 to 100 mg/L. Respective concentration 
of K2Cr2O7 has been shown on top left side of image. The live cells show red 
autofluorescence while the dead cells show green autofluorescence, latter of 
which observed rarely. Dead cell have been shown with white arrow in 0 mg/L Cr 
(i.e. control) cells. Scale bar denotes 10μm for all images. ND – Not Detected 
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Fig. 5.S2 - STEM-EDX analysis of Synechocystis cells treated with 60 mg/L 
K2Cr2O7 (a) and inset shows point EDX spectra of same confirming presence of 
Cr and Fe. Scale bar denotes 1μm. Cells treated with 120 mg/L K2Cr2O7 (b) 
(Scale bar denotes 200nm) gave similar results where line-EDX along the 
nanowire confirmed the presence of Cr and Fe (c and d, respectively). Nanowires 
have been shown with black arrows 
 
 
Fig. 5.S3 - Synechocystis cells treated with 21.18 mg/L of Cr (III) (a). No 
extracellular precipitation of Cr was observed on cells or nanowires in EDX 
analysis of selected area (shown with red square) (b). Nanowires have been 
shown with black arrows 
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Fig. 5.S4 - STEM-EDX analysis of selected area (shown with red square) in 
control Synechocystis cells (a). No extracellular chromium was detected here (b) 
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CHAPTER 6:  Summary and Conclusions1 
Microorganisms have been shown to produce electrically conductive 
nanofilaments i.e. MNWs. The ability of microorganisms to produce MNWs 
increases their potential to influence their surrounding environment and thus 
further enhance their status as “tiny but powerful organisms”. The occurrence of 
MNWs in microorganisms may be widespread and employed for diverse 
functions including extracellular electron transfer to metals (Reguera et al. 2005), 
tolerance to toxic metals (Cologgi et al. 2011), prevention of photodamage 
(Gorby et al. 2006) and cell communication (Cologgi et al. 2011) depending upon 
their niche and physiological requirements. During this study, we discovered the 
presence of such nanowires in the aerobic and photosynthetic Microcystis 
aeruginosa PCC 7806 and Nostoc punctiforme PCC 73120 and confirmed that 
Synechocystis PCC 6803 can produce them. TEM and biochemical 
characterization suggest that these nanowires are type IV pili (TFP) in 
Synechocystis while in M. aeruginosa, they seem to be made of unnamed protein 
(GenBank: CAO90693.1). TEM analysis also suggested that nanowires in M. 
aeruginosa may be made of subfilaments or may be a hollow cylinder. Modelling 
studies suggest that strategically placed aromatic amino acids in PilA1 of 
Synechocystis may play an important role in long range electron transport through 
nanowires. We also reported the identification of two distinct types of electrically 
conductive PLS in Nostoc punctiforme which differ in their length and diameter - 
short/thin and long/thick PLS. The role (if any) of such electrically conductive 
PLS in the cell physiology and symbiosis with plants still needs to be worked out 
and will be an area of future research. 
                                                 
1A part of this chapter i.e. conclusions has been rewritten from the submitted 
review/research papers, details of which are mentioned in section “Publications and 
conferences attended” at page no. vi 
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Our study has established optimal light and carbon concentrations conditions 
for production of large quantities of cyanobacterial nanowires. The MNWs 
production in cyanobacteria varied with culture conditions (as in Synechocystis 
and M. aeruginosa) and time (as in N. punctiforme) and this knowledge may help 
in maximum production of MNWs for practical applications. Determination of the 
3-D structure of cyanobacterial nanowires along with the mechanism of electron 
transfer through them will greatly help to increase the understanding of this 
nature’s nano tool. 
The Synechocystis-As interaction reported so far have been mainly focused on 
enzymes and transporters involved in such interaction. Using bioinformatics tools, 
we showed that Synechocystis TFP have the potential to bind As and may be 
involved in As interaction due to its conductive nature. This hypothesis was 
further supported by TEM-EDX analysis where As was found to be precipitated 
on Synechocystis TFP. As also seems to modulate the length and number of 
Synechocystis TFP. Contrary to extracellular changes observed, As does not seem 
to induce any distinct intracellular morphological changes in Synechocystis cells. 
This study sheds light on hitherto unexplored aspects of cell-As interactions and 
will further pave way for detailed study on how As impacts cell growth in 
Synechocystis. It is speculated that MNWs may act as a conduit of electron 
transfer between cell and As, the possibility of which need to explored and 
confirmed. This study may stimulate further research on potential of MNWs in As 
immobilization and its potential implications in basic and applied aspects of 
microbiology. 
The potential role of Synechocystis nanowires in cell-Cr interaction was also 
studied. We observed the presence of persister cells in Synechocystis cultures at 
inhibitory concentrations of Cr. Further, we have shown that electroconductive 
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TFP i.e. nanowires in Synechocystis may be involved in extracellular interactions 
with toxic heavy metals like Cr and thus may help cells to persist at high 
concentrations of Cr (VI). In-silico analysis showed that Synechocystis nanowires 
have putative binding site for Cr. Thus, this study will pave the way for further 
research on the role of Synechocystis nanowires in heavy metal tolerance. 
The discovery of new MNWs producing microorganisms and the identification 
of specific environmental conditions leading to production of MNWs 
accompanied by rigorous biochemical and electrical characterization analysis will 
help in identification of most suitable MNWs for specific practical applications in 
the field of bioremediation, bioenergy, bioelectronics and possibly 
biotherapeutics. More research is needed to explore the mechanism of electron 
flow through different MNWs which would greatly help in modulation of 
electroconductive and other properties of MNWs. 
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APPENDICES 
 
Appendix 1. Peptide Mass Fingerprinting of pili-like structures from 
Synechocystis and Microcystis aeruginosa  
 
The methodology and results for PMF of Synechocystis and M. aeruginosa PLS 
are described in Chapter 3 (section 3A.2.4 and 3A.3.1). The additional data which 
was not mentioned in Chapter 3 has been presented here. 
 
1.1  PMF of Synechocystis PLS 
Mascot search result: 
 
 
 
 
 
 
Fig. 1 MS/MS Spectra of Synechocystis PLS
 
 
1.2  PMF of M. aeruginosa PLS 
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Mascot search result: 
 
 
 
 
 
 
 
Fig. 2 MS/MS Spectra of M. aeruginosa PLS 
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Appendix 2. Chemotaxis Studies 
Chemotaxis studies in Synechocystis with respect to As (III) and As (V) 
As Synechocystis cells showed growth stimulatory behaviour in presence of 
arsenic, chemotaxis studies in Synechocystis w.r.t. arsenic was done. 
 
Methods 
Motility plate assay 
Cultures from exponential growth phase (5 and 10μl) were spotted onto 0.4% 
BG11 agar plate. Fifty μl of different concentrations of As were spotted with 
spacing of 1-2cm from cells. Plates were incubated for a week in light (~40-50 
μmol photons m-2 s-1) and dark conditions (16:8hrs). Negative control was 
prepared by using MilliQ water instead of As. 
 
Agar plug method 
Agar plug method for chemotaxis studies were performed as described earlier 
with slight modification (Childers et al. 2002; Yu and Alam, 1997). Microscope 
slide was washed thoroughly with acetone to remove all debris present on it. A 
microscope slide bridge was constructed by placing two coverslips around 14-
16mm apart and fixed with nail paint. Another set was also prepared where stack 
of two coverslips was placed 14-16mm apart. Agarose plug was prepared by 
placing 10μl/20μl of 1%, 2% and 3% agarose [along with chemo attractant (As)] 
in the middle of two coverslips and immediately a glass coverslip was placed over 
it. Agarose solution without chemo attractant was used as control. Synechocystis 
cell culture from exponential phase was taken and O.D. was adjusted to 1.2. The 
fresh cell suspension was washed once with PBS/fresh BG11 medium. The cells 
were resuspended again in 1ml of PBS/fresh BG11 medium. 100/150/200μl of a 
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10%, 50% and 100% cell suspension were prepared and pipetted in between glass 
slide and coverslip by capillary action. The chemotactic bands i.e. migration of 
cells around the agarose plug was observed after every 15 minutes for first two 
hours. The distribution of cells around the plug was observed at 10X and 40X 
using phase contrast microscope (Olympus BX53, Japan). 
 
Results and Discussion  
Synechocystis cells showed positive chemotaxis towards As (V) and lead the 
formation of number of dense colonies where As (V) was spotted (Fig. 1a-b). 
However, such positive chemotaxis of cells was also observed against MilliQ 
water i.e. control set (Fig. 1c-d). No such migration of cells was observed for As 
(III) (Fig. 1a-c).  
 
 
Fig. 1 Chemotaxis studies in Synechocystis w.r.t arsenic (As) on BG11 agar 
plates. Comparative chemotactic behaviour of Synechocystis w.r.t. 2M As (V) and 
1M As (III) using spot (a) and well method (b). Cells showed positive chemotaxis 
towards As (V) while no distinct chemotaxis was observed in case of As (III). 
Positive chemotaxis was also observed for MilliQ water [(c) and (d)] 
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We tried to confirm obtained chemotaxis results by using agarose plug method. 
Agarose was mixed with chemo attractant (i.e. As) and then was flooded with 
fresh cell suspension in the specially designed microchamber. If chemotactic, 
cells should have been aggregated around agarose. However, aggregated as well 
as dispersed cells were found around the agarose plug, both in control and As (V) 
treated cells  (Fig. 2), making it difficult to predict if cells are chemotactic or not. 
The microchamber system seems to be too complex to ambiguously predict the 
results where more than one factor might play role in aggregation of cells around 
agarose plug. 
 
 
 
Fig. 2 Chemotaxis studies in Synechocystis w.r.t arsenate using agarose plug 
method.  Control (a and b) and As (V) treated set (c and d) was observed to have 
dispersed (a and c) as well as aggregated cells around agarose plug (b and d) 
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Appendix 3. FTIR analysis of arsenic treated Synechocystis cells 
 
Fourier Transform Infrared Spectroscopy of arsenic tretaed cells 
Method 
As treated Synechocystis cells was harvested after 14 days and washed with Milli-
Q water before subjecting it to lyophilization. Lyophilized cells then were used 
for FTIR-ATR (Nicolet 6700, ThermoFisher Scientific) analysis with 64 scans 
and resolution of 8.  
 
 
 
  
 
 
 
 
 
 
Fig. 1 FTIR spectra for As (V) (a) and As (III) (b) treated Synechocystis cells. 
Cell treated at IC50 concentration of arsenic showed stronger peaks compared to 
control cells while no significant differences were observed in cells treated with 
non-inhibitory concentration of arsenic 
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Results and Discussion 
In ATR-FTIR analysis, no significant differences were observed between 
control cells and cells treated with non-inhibitory concentration of arsenic (Fig. 
1).  However, comparatively stronger peaks were observed in cells treated with 
IC50 concentration of As (V) and As (III) (Fig. 1). From FTIR spectra, it seems 
that amines (3278, 3281 cm-1), lipids (2923, 2913 cm-1), proteins (1384, 1394 cm-
1), amides (1647, 1644, 1536, 1239, 1235 cm-1) and carbohydrates (1023 cm-1) are 
involved in surface binding with arsenic (Kenne and van der Merwe, 2013; 
Vishnoi et al. 2014). 
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Abstract Identiﬁcation of extracellular conductive
pilus-like structures (PLS) i.e. microbial nanowires has
spurred great interest among scientists due to their
potential applications in the ﬁelds of biogeochemistry,
bioelectronics, bioremediation etc. Using conductive
atomic force microscopy, we identiﬁed microbial
nanowires inMicrocystis aeruginosa PCC 7806 which
is an aerobic, photosynthetic microorganism. We also
conﬁrmed the earlier ﬁnding that Synechocystis sp.
PCC6803 producesmicrobial nanowires. In contrast to
the use of highly instrumented continuous ﬂow
reactors for Synechocystis reported earlier, we identi-
ﬁed simple and optimum culture conditions which
allow increased production of nanowires in both test
cyanobacteria. Production of these nanowires in Syne-
chocystis andMicrocystiswere found to be sensitive to
the availability of carbon source and light intensity.
These structures seem to be proteinaceous in nature
and their diameter was found to be 4.5–7 and
8.5–11 nm in Synechocystis and M. aeruginosa,
respectively. Characterization of Synechocystis nano-
wires by transmission electron microscopy and bio-
chemical techniques conﬁrmed that they are type IV
pili (TFP) while nanowires in M. aeruginosa were
found to be similar to an unnamed protein (GenBank :
CAO90693.1). Modelling studies of the Synechocystis
TFP subunit i.e. PilA1 indicated that strategically
placed aromatic amino acids may be involved in
electron transfer through these nanowires. This study
identiﬁes PLS from Microcystis which can act as
nanowires and supports the earlier hypothesis that
microbial nanowires are widespread in nature and play
diverse roles.
Keywords Pilus-like structures  Microbial
nanowires  Synechocystis  Microcystis aeruginosa 
Conductive AFM
Introduction
Many Gram-positive and Gram-negative microorgan-
isms are known to produce extracellular appendages
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called pili. These are proteinaceous, hair-like appen-
dages present on the outer surface of cells (Proft and
Baker 2009). There are different types of pili and among
them type IV pili (TFP) are the most prevalent in
microorganisms (Kaiser 2004; Pelicic 2008). They are
*5–8 nm in diameter and their length varies in
different microorganisms i.e. from 1 toC10 lm, giving
them the appearance of nanoﬁlaments (Pelicic 2008;
Proft and Baker 2009). TFP are multifunctional and are
able to carry out different functions like twitching
motility, DNA uptake during transformation, adhesion,
bioﬁlm formation etc. (Allen et al. 2012; Kaiser 2004;
Pelicic 2008). They are also capable of transfer of
electrons from cells to extracellular electron acceptors
in Geobacter sulfurreducens, an anaerobic, dissimila-
tory metal reducing bacteria (DMRB) (Reguera et al.
2005). Due to their nanoﬁlamentous appearance and
ability to carry electrons, these G. sulfurreducens TFP
were termed ‘‘microbial nanowires’’. Apart from this
TFP, ﬂagella (as in Pelatomaculum thermopropi-
onicum) (Gorby et al. 2006; Shimoyama et al. 2009)
and extensions of outer membrane and periplasm (as in
Shewanella oneidensis) (Pirbadian et al. 2014) have
been shown to be electrically conductive. Thus the term
‘‘microbial nanowire’’ is not only limited to pili and is
now generally used to describe electrically conductive
extracellular nanoﬁlaments observed in microorgan-
isms. Microbial nanowires were also identiﬁed in other
microorganisms i.e. Synechocystis sp. PCC 6803 (uni-
cellular photosynthetic cyanobacteria), Acidothiobacil-
lus ferroxidans (chemolithoautotroph), Aeromonas
hydrophila (DMRB) and multispecies bioﬁlms
observed in bisphosphonate-related osteonecrosis of
the jaw (Castro et al. 2014; Gorby et al. 2006; Li and H.
2013; Wanger et al. 2013). The discovery of microbial
nanowires in such diverse microorganisms led to the
hypothesis that they might be widespread in nature, and
may play signiﬁcant role in microbial geochemistry.
Work in this ﬁeld mainly focused on exploring the
mechanisms of electron ﬂow through these nanowires.
G. sulfurreducens nanowires have been shown to have
metallic like conductivity (Malvankar et al. 2011b,
2014) and aromatic amino acids were found to be
essential for efﬁcient electron transfer through these
nanowires (Vargas et al. 2013). In contrast, S.
oneidensis nanowires have been shown to behave
more like semiconductors (Leung et al. 2013). At
present, there is dispute in the scientiﬁc community
over the exact mechanism of electron transfer through
these nanowires (Malvankar et al. 2011a; Strycharz-
Glaven et al. 2011; Strycharz-Glaven and Tender
2012) and further studies are needed to reach a
consensus. Microbial nanowires have also been shown
to have great potential in the ﬁeld of bioenergy
(Reguera et al. 2006), bioremediation (Cologgi et al.
2011) and bioelectronics (Leung et al. 2011, 2013).
Microbial nanowires have been poorly explored in
aerobic microorganisms so far. Synechocystis sp. and
Microcystis aeruginosa are aerobic, unicellular pho-
tosynthetic microorganisms, with the former being
non-colony forming and the latter being a colony
forming microorganism. Both these microorganisms
are known to produce pilus-like structures (PLS)
(Bhaya et al. 2000; Nakasugi and Neilan 2005). In
Synechocystis, carbon source limitation has been
shown to be necessary for production of nanowires
(Gorby et al. 2006). M. aeruginosa gets exposed to
carbon source limitation and high light intensity in
toxic blooms, and this led us to hypothesize that, and
this led us to hypothesize that it may produce
microbial nanowires under such conditions. During
this study, we identiﬁed microbial nanowires in M.
aeruginosa and conﬁrmed the same for Synechocystis
using conductive atomic force microscopy (AFM).
The optimum culture conditions for increased pro-
duction of nanowires were identiﬁed for these
cyanobacteria. Finally, modelling of the Synechocystis
PilA1 structure suggests that strategically placed
aromatic amino acids may play a role in electron
transfer in these nanowires.
Materials and methods
Cyanobacterial cultures and growth conditions
Synechocystis sp. PCC 6803 (hereafter Synechocystis)
was a kind gift from Brett Neilan (Neilan Laboratory
of Microbial and Molecular Diversity, The University
of New South Wales, Australia). M. aeruginosa PCC
7806 culture was procured from Australian National
Algae Culture Collection, CSIRO, Australia. All
cultures were cultivated and maintained in BG-11
medium (Stanier et al. 1971) supplemented with
NaHCO3 (0.05 mM) under alternate (16 h/8 h) light/-
dark illumination (*40–50 lmol photons m-2 s-1) at
25–27 C. The cultures were kept in non-shaking
conditions.
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Optimization of PLS production in cyanobacteria
To optimize the production of PLS in Synechocystis
and M. aeruginosa, cells were grown under varying
concentration of carbon sources (sodiumcarbonate and
sodium bicarbonate) and light intensity as described in
Table 1 (Devgoswami et al. 2011; Wang et al. 2004).
The standard concentrations of carbon sources in
BG11 medium is considered as 100 %. Cells from the
exponential phase of each culture condition were
harvested and their PLS production level was checked
using TEM and was graded from zero (none) to ﬁve
(very good). Qualitative analysis of PLS production in
test cyanobacteria was done in triplicates.
Transmission electron microscopy (TEM) analysis
of cyanobacterial PLS
To conﬁrm the presence of extracellular PLS and to
check its production in test cyanobacteria, TEM was
used as described earlier (Bhaya et al. 2000; Nakasugi
and Neilan 2005) with following modiﬁcations. For
TEM analysis, 1 ml of cyanobacterial culture from
respective exponential phase was harvested and
washed three times with phosphate buffered saline
(PBS, pH 7.4). The pellet was gently resuspended
again in PBS and a drop of the resultant suspension
was added onto the grid. It was allowed to air dry and
then stained with 1 % phosphotungstic acid. TEM
analysis was done at 80 kV voltage (FEI Tecnai G2
Twin, Netherlands). The diameter and other features
of cyanobacterial PLS were analysed using Gatan
Digital Micrograph software.
Isolation of extracellular PLS and their
biochemical characterization
For cyanobacterial PLS isolation, 3 ml exponential
phase culture was harvested and subsequently washed
ﬁve times with PBS. The resultant cell pellet was
Table 1 List of culture conditions used to optimize pilus-like strctures (PLS) production in test cyanobacteria and relative PLS
production level obtained for Synechocystis and Microcystis aeruginosa
S. no. Notation Description PLS production levela
Synechocystis M. aeruginosa
1 N Normal growth condition (Standard)—normal BG11 medium (100 % carbon
sourceb) with 16:8 h light:dark condition, light intensity *40–50 lmol
photons m-2 s-1
3 3
2  C Carbon stress: cultures grown in BG11 medium with half (50 %) carbon
source with 16:8 h light:dark condition, light intensity *40–50 lmol
photons m-2 s-1
4 3
3  C Carbon stress: cultures grown in BG11 medium with one fourth (25 %)
carbon source with 16:8 h light:dark condition, Light intensity
*40–50 lmol photons m-2 s-1
4 5
4 C- Carbon stress: cultures grown in BG11 medium with no (0 %) carbon source
with 16:8 h light:dark condition, light intensity *40–50 lmol photons
m-2 s-1
3 3
5 N ? LS Light stress: cultures grown in normal BG11 medium (100 % carbon source)
with continuous (24 h) light intensity (*40–50 lmol photons m-2 s-1)
3 2
6  C ? LS Carbon ? light stress: cultures grown in BG11 medium with half (50 %)
carbon source and continuous (24 h) light intensity (*40–50 lmol photons
m-2 s-1)
5 5
7  C ? LS Carbon ? light stress: cultures grown in BG11 medium with one fourth
(25 %) carbon source and continuous (24 h) light intensity (*40–50 lmol
photons m-2 s-1)
3 3
8 C- ? LS Carbon ? light stress: cultures grown in BG11 medium with no (0 %)
carbon source and continuous (24 h) light intensity (*40–50 lmol photons
m-2 s-1)
2 3
a 5-very good; 4-good; 3-moderate; 2-low; 1-very low; 0-none
b Carbon source—sodium carbonate (Na2CO3) and sodium bicarbonate (NaHCO3)
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resuspended again in 200 ll of PBS and vortexed for
two minutes at maximum speed (Malvankar et al.
2011b; Nakasugi et al. 2006). The cell debris was
removed by centrifugation at 6000 rpm for 10 min.
The PLS suspension was centrifuged again at
13,000 rpm for 30 min (Leung et al. 2013). The purity
and intactness of isolated PLS were checked using
TEM and AFM. For SDS-PAGE analysis, 200 ml cell
culture was harvested and PLS was isolated from it as
described above. Isolated PLS were electrophoresed
on 15 % SDS-PAGE gel and protein bands were
visualized using Coomassie Brilliant blue R-250 stain.
The identiﬁcation of the proteins band was carried out
by using peptide mass ﬁngerprinting (PMF) at the
Central Instrumentation Facility, University of Delhi
South Campus, New Delhi, India.
Conductive AFM analysis of cyanobacterial PLS
ConductiveAFManalysis of PLS isolated from the cells
of Synechocystis and M. aeruginosa was performed
based on conditions mentioned in Table 2. For conduc-
tive-AFM analysis, 50 ll of isolated PLS was dropped
onto the freshly cleaved highly ordered pyrolytic
graphite (HOPG). PLS suspension was allowed to
adsorb on theHOPG surface for 3–4 h and subsequently
washed with PBS followed by milli-Q water. Samples
were allowed to dry overnight and then used for
analysis. A Cypher AFM (Asylum Research) in con-
tact-mode was used for conductive AFM analysis of
PLS.ConductiveAFMcantilevers coatedby the alloyof
platinum and iridium [CONTPt, NanoWorld] and with
an average spring constant of 0.2 N/m were used to
examine the electrical conductivity of the PLS. Con-
ductivity measurements were done at multiple points
along the length of PLS. The normalized differential
conductance (NDC) was calculated as described earlier
(El-Naggar et al. 2008) with some modiﬁcations. The
raw data was smoothed using Savitzky-Golay smooth-
ing ﬁlter (polynomial order -4; Points of Window-150)
available in the Origin2015 software.
Bioinformatics analysis and modelling of PilA1
As TFP in Synechocystis seem to act as a nanowire, we
performed its comparative bioinformatic and modelling
studieswith electrically conductiveTFP (i.e. nanowire) in
G. sulfurreducens. Pili from Pseudomonas aeruginosa
strainKwere shown to be non-conductive. (Reguera et al.
2005) and thus it was also included in study as a negative
control. Multiple sequence alignment of PilA1 from
Synechocystis, G. sulfurreducens andP. aeruginosawere
carried out using ClustalOmega. The 3D structure of PilA
of G. sulfurreducens (Accession no. 2M7G) and P.
aeruginosa strain K (Accession no. 1OQW: A) were
retrieved from RSCB Protein Data Bank (Craig et al.
2003; Reardon andMueller 2013). A homologymodel of
PilA1 of Synechocystis sp. (Kazusa Cyanobase-sll1694)
was built using Phyre2 software. The comparative
structural studies of PilA from the above mentioned
organisms were done using Pymol software. The per-
centage of aromatic amino acids for PilA was calculated
from the respective amino acid sequence.
Results
Characterization of cyanobacterial PLS using
TEM and SDS-PAGE
The presence of PLS in Synechocystis sp. and M.
aeruginosawas conﬁrmed by using TEM (Fig. 1). The
Table 2 List of samples analysed and relevant height for pilus-like structures (PLS) obtained by conductive AFM analysis
S. no. Samples Height of PLS
(nm) (approximate)
1 Synechocystis Na (Normal PLS production) 2
2 Synechocystis  C ? LS (high PLS production) 2.4
3 Synechocystis C- ? LS (low PLS production) 9b
4 M. aeruginosa N (normal PLS production) 2.2
5 M. aeruginosa N ? LS (low PLS production) 2.4
6 M. aeruginosa  C- ? LS (high PLS production) 3
a Please refer Table 1 for description of culture conditions
b Bundles of PLS
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PLS of Synechocystis were 4.5–7 nm in diameter and
2 to several (C10 lm) lm long. The PLS in M.
aeruginosa were relatively thicker with diameters in
the range of 8.5–11 nm. M. aeruginosa PLS were
relatively longer than Synechocystis and sometimes
extended more than 20 lm. The PLS in Synechocystis
Fig. 1 TEM analysis of cells from exponential growth stage in
varying nutritional conditions. Synechocystis with a normal
(N) b higher ( C ? LS) and c lower (C- ? LS) number of
PLS (Scale bar 1 lm, 0.5 lm and 0.5 lm respectively);
Microcystis aeruginosa with d normal (N), e higher (
C ? LS) and f lower (N ? LS) number of PLS (Scale bar
1 lm for each image). Please refer Table 1 for description on
culture conditions used. Each culture conditions have been
mentioned at the top, middle region of image. PLS have been
shown with black arrow
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and M. aeruginosa were sometimes observed to
interconnect two or more cells (Fig. S1).
At low magniﬁcation (1500–25009), all test
cyanobacterial PLS were observed as single ﬁlaments,
or bundles of individual ﬁlaments (Fig. 1a and d). At
high magniﬁcation (C25k9), PLS in Synechocystis
seemed to be made up of one type of ﬁlament (Fig. 2a)
but an individual PLS inM. aeruginosa appeared to be
made of two distinct parallel subﬁlaments of 4–5 nm
with *0.5–1 nm spacing (Fig. 2b). Based on these
observations, two potential structural arrangements
were proposed for M. aeruginosa PLS involving two
parallel subﬁlaments (Fig. 2c) or a hollow cylinder
(Fig. 2d).
SDS-PAGE analysis of the isolated extracellular
PLS showed a single protein band for both Syne-
chocystis sp. and M. aeruginosa (Fig. 3). The protein
constituting the PLS was observed to be *22 and
*11 kDa, respectively (Fig. 3). PMF of Synechocys-
tis PLS gave peptide sequence of thirteen amino acids
(SMSGGTFYDSGTR) which matched with PilA1
(sll1694 gene product) i.e. subunit of TFP. This
Fig. 2 High magniﬁcation images of PLS from a Synechocystis
and b Microcystis aeruginosa. The areas where distinct two-
ﬁlament like structure were observed in M. aeruginosa PLS
have been highlighted with red rectangle. The image b has been
processed using Bandpass ﬁlter. Images c and d show two
possible structural arrangements of M. aeruginosa PLS. In ﬁrst
case, this PLS may be composed of two or more subﬁlaments
(4–5 nm in diameter) with central spacing of around 0.5–1 nm.
In this case, PLSwould be oval shaped (c). Another possibility is
that cyanobacterial PLS may be hollow cylinder with central
channel of 0.5–1 nm and it would appear spherical in this case
(d)
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conﬁrmed that nanowires observed in Synechocystis
are TFP only. PMF of the protein band from M.
aeruginosa gave a peptide of nine amino acids
(FGDVSGIVR) which matched with an unnamed
protein, GenBank CAO90693.1.
In silico analysis analysis of PilA from different
nanowire producing and non-producing
microorganisms
Multiple sequence alignment of PilA from Syne-
chocystis, G. sulfurreducens and P. aeruginosa pili
showed that they have*22 amino acids conserved at
its N-terminus while signiﬁcant variation was
observed at the C-terminus (Fig. S2). G. sulfurre-
ducens PilA has two aromatic amino acids at its
C-terminus end which show alignment with corre-
sponding aromatic amino acids of Synechocystis PilA1
(Fig. S2). Like P. aeruginosa PilA, the PilA1 of
Synechocystis also has a globular domain at its
C-terminus which is absent in the case of G. sulfurre-
ducens (Fig. 4a–c). Compared to P. aeruginosa PilA,
C-terminus of Synechocystis PilA1 was found to be
rich in aromatic amino acids (Fig. 4e–f). Some of
these aromatic amino acids were found to be closely
spaced, forming a triad (Fig. 4e). The percentage of
aromatic amino acids for all pili subunits were
calculated from the respective amino acid sequence
and were found to be 9.8, 7.73 and 5.01 % for G.
sulfurreducens, Synechocystis and P. aeruginosa,
respectively.
PLS production in cyanobacteria is sensitive
to culture conditions used
In Synechocystis and M. aeruginosa, the number of
PLS produced was observed to be sensitive to the
culture conditions provided. The qualitative estima-
tion of PLS production level was rated from 0 to 5
depending upon the density of PLS observed
(Table 1). In comparison with N (normal) culture of
Synechocystis (Fig. 1a), PLS production was highest
in C ? LS (Fig. 1b), C (Fig. S3a) and C
(Fig. S3b) while it was lowest in C- ? LS (Fig. 1c).
In comparison with N (normal) culture of M. aerug-
inosa (Fig. 1d), PLS production was highest in 
C ? LS (Fig. 1e) and  C (Fig. S4b) while it was
lowest in N ? LS (Fig. 1f). In both Synechocystis and
M. aeruginosa cultures, dense PLS were observed not
only around the cell, but also in areas where cells were
absent (Fig. S5).
Conductive AFM analysis of PLS in Synechocystis
and Microcystis aeruginosa
The PLS from Synechocystis and M. aeruginosa were
found to be electrically conductive, irrespective of
culture conditions used for their growth (Fig. 5;
Fig. S6). The list of samples done and relevant PLS
height has been mentioned in Table 2. In our analysis,
HOPG was used as the conductive substrate on which
the PLS were tested. The PLS from both test
cyanobacteria were often observed to be associated
with some extracellular material (ECM) (Fig. 5c–f).
These PLS associated ECM in both test cyanobacteria
were found to be non-conductive (Fig. S7). Apart from
I-V curve as mentioned in Fig. S7, the non-conductive
behaviour of PLS associated ECM was also evident
from the current map images (Fig.S6). The I-V curve
of cyanobacterial PLS showed asymmetric, non-linear
behaviour with higher current observed in negative
voltage region than for positive voltage (Fig. 5).
Density of states is prominently associated with
positive sample bias (El-Naggar et al. 2008) and thus
NDC of only positive sample bias was calculated. The
NDC plot shows peaks at *0.45 V in PLS of
Synechocystis C- ? LS (Fig. S8a) andM. aeruginosa
N ? LS and C ? LS (Fig. S8b). No distinct peaks
were observed for other samples of Synechocystis and
M. aeruginosa (Fig. S8a–b).
Fig. 3 SDS-PAGE analysis of extracellular PLS from Syne-
chocystis and M. aeruginosa which gave protein band of *22
and*11 kDa respectively
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Discussion
Research on microbial nanowires has remained cen-
tered primarily on G. sulfurreducens and S. oneidensis
with few reports on the identiﬁcation and character-
ization of microbial nanowires in other microorgan-
isms. This study is mainly focused on identiﬁcation,
isolation and characterization of microbial nanowires
from cyanobacteria.
The dimensions of cyanobacterial nanowires iden-
tiﬁed in this study are similar to those of earlier
reported PLS in Synechocystis and M. aeruginosa
(Bhaya et al. 2000; Nakasugi and Neilan 2005).
Nanowires have been reported earlier in Synechocystis
however, their composition was not determined (i.e.
protein, polysaccharides etc.) (Gorby et al. 2006).
SDS-PAGE analysis of isolated Synechocystis nano-
wires identiﬁed a protein of MW * 22 kDa which is
close to the MW of TFP subunit i.e. PilA1 of
Synechocystis (i.e. *20–21 kDa) (Lamb et al. 2014;
Nakasugi et al. 2006). Further, PMF of this protein
band conﬁrmed that they are TFP only. Apart from
TFP, thin pili have also been reported in Synechocystis
(Bhaya et al. 2000). However, despite many attempts,
the latter structures were not observed in our study. It
is possible that due to their delicate nature, these
structures might have got damaged or detached from
the cells during cell washing steps.
The molecular weight of the single subunit for M.
aeruginosa nanowires was found to be *11 kDa
Fig. 4 PilA structure and its C-terminal structure of Geobacter
sulfurreducens (a, d), Synechocystis sp (b, e), and Pseudomonas
aeruginosa (c, f). The PilA structure of Geobacter sulfurre-
ducens (Accession no. 2M7G) and Pseudomonas aeruginosa
(Accession no. 1OQW: A) were taken from RSCB Protein Data
Bank. Phyre2 software was used to build homology model of
PilA1 of Synechocystis sp. [146 residues (87 %) modelled at
[90 % accuracy]. The location of aromatic amino acids
(Phenylalanine, tyrosine and tryptophan) along with their side-
chains has been shown in red colour. The close positioning of
aromatic amino acids at C-terminus have been shown with black
arrow
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which is close to that of the PilA of nanowires from G.
sulfurreduces (*10 kDa) (Lovley et al. 2009).
Although proteinaceous in nature, these nanowires
were observed to be composed of yet unidentiﬁed
protein. The molecular and structural characterization
of this protein will be the aim of our future studies.
Conductive AFM is now an established technique
to characterize nanoscale objects for electrical con-
ductivity and conﬁrm their conductive nature which
has been done here rigorously. As it is a qualitative
technique, comparative analysis for conductivity
among known microbial nanowires (tested here and
earlier reported) is difﬁcult to do. Nevertheless, both
Synechocystis and M. aeruginosa were observed to
produce nanowires under all tested concentrations of
carbon source. High-magniﬁcation analysis of M.
aeruginosa nanowires led us to propose two possible
structural arrangements. First, this nanowire is
Fig. 5 Conductive AFM analysis of cyanobacterial PLS. I-V
spectra of PLS for Synechocystis N,  C ? LS and C- ? LS
[(a), (b) and (c), respectively]; I-V spectra of PLS for M.
aeruginosa N, N ? LS and  C ? LS [(d), (e) and (f),
respectively]. Please refer Table 1 for description on culture
conditions used. Inset image in each graph shows topographical
AFM image of respective PLS. The position where PLS
conductivity was checked has been shown with red dot. The
scalementioned on Y axis of is microampere (lA) for (f), while
it is nanoampere (nA) for all other graphs
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composed of two or more individual subﬁlaments and
the nanowire would appear oval shaped in this case.
Similar arrangements of pili have been found in P pili
(*10 nm in diameter) of uropathogenic Escherichia
coli where it has been described as composite struc-
tures with two distinct ﬁbres (Kuehn et al. 1992). Pili
of Streptococcus penumoniae were also found to be
composed of subﬁlaments/protoﬁlaments of 3.5 nm
but were found to be arranged in coiled-coil manner
(Hilleringmann et al. 2008) contrary to the parallel
arrangement observed here. The second model is that
M. aeruginosa nanowires may be hollow cylinders
with a central channel inside. As the TEM image is
also the projection of density of the sample, the
relatively less dense central channel would appear like
spacing between two individual subﬁlaments. Such
morphological features have been observed in other
bacterial pili where it is proposed to be due to the
central channel (Hahn et al. 2002; Mu et al. 2002).
This basic arrangement of M. aeruginosa nanowires
needs to be further investigated as it will help to
establish the mechanism of electron transfer through
it, and this holds the key to a variety of applications of
nanowires.
The nanowire production level in Synechocystis
and M. aeruginosa was found to be higher in carbon
(electron acceptor) depleted medium provided with
excess light intensity. This is consistent with the
earlier report where 13-folds higher accumulation of
pilA1 transcripts was observed in Synechocystis under
carbon limiting conditions (Wang et al. 2004). There
might be three reasons for these observed results; ﬁrst
as TFP are involved in cell motility, their increased
production in stressful conditions might help the cell
to move efﬁciently to a more suitable environment;
secondly TFP have been shown to be involved in
bioﬁlm formation and their increased production
might accelerate this process, thereby allowing better
tolerance of stressful conditions than the individual
cells; and ﬁnally the availability of limited amount of
electron acceptor (i.e. CO2) leads to accumulation of
electrons on plastoquinone of the photosynthetic
electron transfer chain (Pisciotta et al. 2010). To get
rid of these extra, unused electrons, cells then transfer
it to the extracellular environment (Gorby et al. 2006;
Pisciotta et al. 2010). This transfer of electrons can
either take place through speciﬁc proteins (e.g.
cytochromes) placed on the extracellular surface of
the cell or through microbial nanowires observed in
Synechocystis and M. aeruginosa. Thus a greater
number of nanowires produced by the cells might help
them to get rid of extra electrons and may also help in
intracellular/intercellular communication allowing
effective tolerance against stressful conditions. The
variation in nanowire production level in the
cyanobacteria relative to the culture conditions sug-
gests that the nanowire production is a highly regu-
lated process and might play an important role in
cellular interaction and acclimatization with the
environment.
Synechocystis has been shown to produce nano-
wires under carbon source limitation and excess light,
which has been provided using sophisticated contin-
uous ﬂow reactors (Gorby et al. 2006). Contrary to
that, we used a simple method where Synechocystis
and M. aeruginosa cultures were provided with 0, 25,
50 and 100 % of carbon source (Na2CO3 and
NaHCO3) and also exposed to continuous light as
well as standard light:dark (16:8 h) conditions. For-
mation of nanowires in Synechocystis occurs when
cultures become yellow (probably stationary stage of
cells) (Gorby et al. 2006). However, we observed that
Synechocystis was able to produce nanowires in its
exponential phase only (when they are green in colour
and actively growing). Similar results were observed
for M. aeruginosa. We also observed that it was quite
difﬁcult to measure the conductivity of nanowires
isolated from late exponential or stationery phase as
they were usually associated with non-conductive
ECM. Nanowires isolated from exponential phase
(7 day old cultures) were relatively less associated
with non-conductive ECM, making the conductivity
analysis easier. As 7 day old Synechocystis and M.
aeruginosa cells produced nanowires in BG11 med-
ium supplemented with 100 % carbon sources, carbon
limitation and excess light does not seem to be a
prerequisite for nanowire production. It may be
possible that the carbon source provided in the
medium (Na2CO3 and NaHCO3) and air (CO2) gets
exhausted over time leading to poor carbon source
availability which may ultimately lead to the produc-
tion of nanowires in it. As cyanobacteria often
encounter carbon limiting conditions in the environ-
ment (Wang et al. 2004), the cyanobacterial cell
machinery might have evolved for constitutive pro-
duction of nanowires, the expression of which may get
increased or decreased depending upon the environ-
ment they encounter. ECM associated with PLS was
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found to be non-conductive for both test cyanobacte-
ria. This highlights that the electrical conductivity is
the intrinsic property of PLS and not due to deposition
of any extracellular or other material.
All TFP share some common features and one of
them is that their subunits i.e. PilA share conserved,
hydrophobic a-helix domain of around 20–25 amino
acids at the N-terminus which forms hydrophobic core
of pilus (Craig et al. 2004; Proft and Baker 2009).*22
amino acid residues were found to be conserved at the
N-terminus, a characteristic feature of TFP. As this
domain is present in nanowire non-producingmicroor-
ganisms (i.e. P. aeruginosa) (Reguera et al. 2005), it
does not seem to play any role in electron transfer
through pili.
The molecular and electronic structure of G.
sulfurreducens PilA shows that it carries a short
random-coiled segment at the carboxyl terminus
which provides a more favourable environment for
electron ﬂow through pili compared to pili from other
microorganisms which carry large globular head at the
carboxyl terminus along with b-sheets which does not
favour electron transport (Feliciano 2012; Reardon
and Mueller 2013). The C-terminus globular domain
of a PilA is required for motility and adhesion in
microorganisms (Craig et al. 2003). As G. sulfurre-
ducens pili are not involved in motility or adhesion, its
presence is not a prerequisite for it. Synechocystis
show twitching motility and thus like PilA of P.
aeruginosa, this C-terminus globular domain is pre-
sent in them.
Unlike PilA of P. aeruginosa, this globular domain
in Synechocystis is found to be rich in aromatic amino
acids. Aromatic amino acids have been shown to act as
a ‘‘stepping stone’’ in long range electron transfer
(Cordes et al. 2008). They have also been shown to be
important for efﬁcient electron transfer through
Geobacter pili (Vargas et al. 2013). The PilA1 of
Synechocystis was not only rich in aromatic amino
acids at the C-terminus, but was also closely spaced,
which may facilitate an efﬁcient relay in long range
electron transfer through pili. Such close spacing of
aromatic residues are a characteristic feature of
proteins involved in hopping-mediated long range
electron transfer (Williamson et al. 2014). In DNA
photolyase and cryptochromes, a triad of conserved
aromatic amino acids (mainly tryptophan) plays
important role in hopping mediated electron transfer
and act as a molecular wire thereby allowing fast
electron transfer through protein (Biskup et al. 2013;
Lukacs et al. 2008; Williamson et al. 2014). Other
aromatic amino acids (e.g. tyrosine) can be substituted
in place of tryptophan (Biskup et al. 2013). Pheny-
lalanine has also been shown to be involved in such
electron transfer (Wang et al. 2005). The C-terminus
of Synechocystis PilA1 also carries closely spaced
triad of aromatic amino acids, suggesting the possi-
bility of similar mechanism of electron transfer
operating here. Also, in TFP it is known that C-ter-
minus b-strands of one PilA subunit interacts with b-
strands of next subunit which gives mechanical
strength to it (Kaiser 2004). Such interaction of
adjacent subunits may also play a role in electron
transfer from one subunit to other, thereby making
whole pili conductive. Such close arrangement of
aromatic amino acids at the C-terminus was found to
be lacking in P. aeruginosa PilA which may make it
unable to transfer electrons from electron donor to
acceptor.
In conclusion, our study has identiﬁed electrically
conductive PLS/microbial nanowires in the aerobic,
photosynthetic microorganism M. aeruginosa and
conﬁrmed the same for Synechocystis. TEM and
biochemical characterization suggest that these nano-
wires are TFP in Synechocystis while in M. aerugi-
nosa, they seems to be made of an unnamed protein
(GenBank: CAO90693.1). TEM analysis also sug-
gested that nanowires in M. aeruginosa may be made
of subﬁlaments or may be a hollow cylinder. Our study
has established a simple method that can produce large
quantities of cyanobacterial nanowires. Modelling
studies suggest that strategically placed aromatic
amino acids in PilA1 of Synechocystis may play an
important role in long range electron transport through
nanowires. Determination of 3-D structure of
cyanobacterial nanowires along with the mechanism
of electron transfer through them will greatly help to
increase the understanding of this natural nano tool.
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Abstract Extracellular pili-like structures (PLS)
produced by cyanobacteria have been poorly explored.
We have done detailed topographical and electrical
characterisation of PLS in Nostoc punctiforme PCC
73120 using transmission electron microscopy (TEM)
and conductive atomic force microscopy (CAFM).
TEM analysis showed that N. punctiforme produces
two separate types of PLS differing in their length and
diameter. The ﬁrst type of PLS are 6–7.5 nm in
diameter and 0.5–2 lm in length (short/thin PLS)
while the second type of PLS are *20–40 nm in
diameter and more than 10 lm long (long/thick PLS).
This is the ﬁrst study to report long/thick PLS in N.
punctiforme. Electrical characterisation of these two
different PLS by CAFM showed that both are electri-
cally conductive and can act as microbial nanowires.
This is the ﬁrst report to show two distinct PLS and also
identiﬁes microbial nanowires in N. punctiforme. This
study paves the way for more detailed investigation of
N. punctiforme nanowires and their potential role in
cell physiology and symbiosis with plants.
Keywords Cyanobacteria  Microbial nanowires 
Nostoc punctiforme  Pili-like structure
Introduction
Microorganisms are known to produce extracellular
appendages like pili and ﬂagella. Bacterial pili have
gained signiﬁcant attention due to their ability to carry
out different functions like adhesion, bioﬁlm forma-
tion, twitching motility, electron transfer etc. (Allen
et al. 2012; Pelicic 2008; Reguera et al. 2005). Despite
their importance in cell physiology and interaction
with the environment; cyanobacterial pili are sparsely
reported in literature and majority of the work has
focused on Synechocystis (Duggan et al. 2007; Naka-
sugi and Neilan 2005; Sure et al. 2015; Vaara and
Vaara 1988). Nostoc punctiforme is a multicellular,
ﬁlamentous, nitrogen ﬁxing microorganism often
known for its association with plants. Their ubiquitous
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presence, symbiotic behaviour and nitrogen- ﬁxing
ability make them important not only in terrestrial and
aquatic ecosystems but also in agriculture (Dodds
et al. 1995). Pili-like structures (PLS) have been
reported in N. punctiforme and it was speculated that
these structures may contribute in establishing sym-
biosis with the liverwort, Blasia (Duggan et al. 2007).
Dissimilatory metal reducing microorganisms like
Geobacter sulfurreducens and Shewanella oneidensis,
are known to produce extracellular nanoﬁlaments
which are electrically conductive and thus can act as
nanowires (Gorby et al. 2006; Reguera et al. 2005).
These microbial nanowires have been extensively
characterised in both microorganisms where their
conductivity has been studied along diameter as well
as length (El-Naggar et al. 2010; Leung et al. 2011,
2013; Malvankar et al. 2011, 2014; Vargas et al.
2013). Microbial nanowires in G. sulfurreducens are
involved in extracellular electron transfer to electron
acceptors [e.g. Fe(III)] and possess metallic like
conductivity (Malvankar et al. 2011, 2014; Reguera
et al. 2005).
Such microbial nanowires have not been exten-
sively surveyed in aerobic, photosynthetic microor-
ganisms and have been reported only in Synechocystis
and Microcystis aeruginosa so far (Gorby et al. 2006;
Sure et al. 2015). Nostoc sp. has been reported to show
electrogenic (i.e. extracellular transfer of electrons)
behaviour (Pisciotta et al. 2010) where PLS may act as
a conduit of electrons to the extracellular environment.
This led us to hypothesize that N. punctiforme may be
able to produce electrically conductive PLS i.e.
microbial nanowires. Hence this study was aimed at
topographical and electrical characterisation of PLS in
N. punctiforme, and the data generated will be helpful
to explore mechanisms behind its motile and symbi-
otic behavior.
Materials and methods
Strain and culture conditions
N. punctiforme PCC 73120 was grown in BG11
medium (supplemented with 0.05 mM NaHCO3) at
25–27 C. The cells were kept under alternate (16 h/
8 h) light/dark conditions (*40–50 lmol photons
m-2 s-1) in non-shaking condition.
Transmission electron microscopy analysis of PLS
production level
The PLS production level was monitored for the ﬁrst
ﬁfteen days at regular intervals (on every third day)
using transmission electron microscopy (TEM) (FEI
Tecnai G2 Twin, Netherlands). As electrogenic activ-
ity in Nostoc sp. has been shown to be light dependent
(Pisciotta et al. 2010), one set of cultures was also
grown under continuous light. For TEM analysis,
samples were washed thrice with phosphate buffered
saline (PBS, pH 7.4) and stained with 1 % phospho-
tungstic acid. Cells and PLS were visualized at 80 kV
voltage.
Conductive atomic force microscopy analysis
of PLS
Conductive atomic force microscopy (CAFM) of PLS
was done as reported earlier (Sure et al. 2015). Brieﬂy,
samples were washed ﬁve times with PBS and 50 ll of
cell/PLS suspension was dropped onto highly ordered
pyrolytic graphite (HOPG). The deposited sample was
washed again with PBS followed by MilliQ and
allowed to dry overnight at room temperature. The
CAFM analysis [Cypher AFM (Asylum Research)]
was done in contact mode using CAFM cantilevers
(CONTPt, NanoWorld). For topographical analysis of
cells, AFM (Multimode8, Bruker) in tapping mode
was also used.
Results and discussion
Depending upon environmental stress, vegetative cells
of N. punctiforme are known to differentiate into
nitrogen ﬁxing heterocysts, spores (Akinetes) and
motile hormogonium cells (Duggan et al. 2007; Meeks
et al. 2001). In N. punctiforme, hormogonium growth
stage can be induced by transferring cells to fresh
growth medium (Duggan et al. 2007; Meeks et al.
2001). No PLS was observed on the cell surface on
ﬁrst day (Fig. 1a). PLS started appearing on the cell
surface after 24–48 h and its maximum production
was observed on the sixth day, with PLS peritrichously
distributed over the cell surface (Fig. 1b). Beyond day
6, PLS production in N. punctiforme decreased and
only few to no PLS were detected on day 9 (Fig. 1c).
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These results are consistent with earlier observations
(Khayatan et al. 2015) where the time-dependent
pattern of PilA (major pilin protein) appearance on
cells was similar to as observed here except that we did
not observe signiﬁcant accumulation PLS at the
junction of cells in the ﬁrst 24–48 h. PLS were
observed to be 6–7.5 nm in diameter and 0.5–2 lm
long (Fig. 1b). However, short/thin PLS dimensions
observed here are different from the earlier report
where N. punctiforme PLS were found to be 7–10 nm
and more than 10 lm long (Duggan et al. 2007).
Further research needs to be carried out to conﬁrm
whether the observed short/thin PLS are type IV pili or
a novel kind of PLS.
We also observed novel and previously unreported
bundles of PLS in N. punctiforme which were
conﬁrmed by TEM (Figs. 1d–f, 2d, S1) and AFM
analysis (Fig. 2a–c, e). These structures were longer
([10 lm) and thicker (*20–40 nm in diameter) and
found to interconnect each other, spanning over an
area greater than 10 lm2 (Fig. 2a, b). On close
observation, these structures looked like bundles of
PLS (Fig. 2c). Unlike short/thin PLS which were
present peritrichously (Fig. 1b), only one or two of
these long/thick PLS were found per N. punctiforme
ﬁlament (Figs. 1d, 2, S1). The long/thick PLS was
observed to be present either as isolated structures
(Fig. 2a–d) or along with short/thin PLS (Figs. 1d–f,
2e, S1). The difference in PLS pattern in different cells
may be attributed to their different growth stages.
Similar structures have been reported in pathogenic
Escherichia coli cells, termed ‘‘longus’’ and classiﬁed
as new class of type IV pili (Giron et al. 1994). The
exact function of longus is not yet clear but is believed
to promote bacterial aggregation (Giron et al. 1994).
Previous work has identiﬁed microbial nanowires in
two important cyanobacteria i.e. Synechocystis PCC
6803 and M. aeruginosa PCC 7806 (Sure et al. 2015).
Like Synechocystis and M. aeruginosa, N. punctiforme
is also known to produce PLS.Wewere curious to know
whether these PLS can also act as microbial nanowires
and thus their electrical characterisation was done using
CAFM.Asix dayold culture ofN.punctiforme, carrying
short/thin and long/thick PLS was used for CAFM
analysis.Both types of PLSwere found to be electrically
conductive (Fig. 3a, b) and thus may function as
microbial nanowires. The current detected in short/thin
PLS was in the nA (*10-9 A) range (Fig. 3a) while
Fig. 1 TEM analysis of short/thin and long/thick PLS of
Nostoc punctiforme. Cells showing a ﬁrst day, b sixth day, and
c ninth day short/thin PLS production (Scale bar denotes 2, 0.5
and 1 lm for image a–c, respectively). d–f Long/thick PLS
were observed sixth day onwards along with short/thin PLS
(Scale bar denotes 1 lm, 200 nm and 50 nm for image d–f,
respectively). Short/thin PLS have been shown with closed
arrow whereas long/thick PLS have been denoted with open
arrow.Note Themagniﬁed image of d has been shown in greater
detail in Fig. S1b, c
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that of long/thick PLS was in the lA (*10-6 A) range
(Fig. 3b). The large diameter of long/thick PLS may
have a greater charge carrying capacity than that of
short/thin PLS, resulting in higher current. N. puncti-
forme cells subjected to continuous light intensity were
also observed to produce conductive short/thin PLS
(Fig. 3c). The appearance of conductive PLS under
normal and light stress suggests that its production is
non-speciﬁc to culture conditions used. This behavior is
different from the other cyanobacteria, Synechocystis
andM. aeruginosawhere the PLS productionwas found
to be sensitive to the carbon supply as well as light
Fig. 2 AFM and TEM
analysis of Nostoc
punctiforme long/thick and
short/thin PLS. a AFM
(Asylum Research)
deﬂection error image of N.
punctiforme cells along with
long/thick PLS. bMagniﬁed
image of a showing
interconnected long/thick
PLS. c Magniﬁed image of
b where long/thick PLS
seem to be bundles of PLS.
Please refer scale bar
mentioned on X–Y axis of
images. No short/thin PLS
were observed here.
d Similar results were also
obtained in TEM analysis
where only long/thick PLS
and no short/thin PLS were
observed on cells. e AFM
(Bruker) image of N.
punctiforme cells along with
long/thick PLS (denoted by
open arrow) and short/thin
PLS (denoted by closed
arrow). Please refer scale
bar mentioned on X axis of
image (e)
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intensity (Sure et al. 2015). The N. punctiforme PLS
were often observed to be associated with some
extracellular material (ECM) which was non-
conductive in nature (Fig. S2). The non-conductive
behaviour of ECM is also evident from current-map
images where PLS looks non-conductive wherever it is
covered with ECM (Fig. S3). The current-map images
also show that whole PLS were conductive and
conductivity was not position speciﬁc (Fig. S3).
At the hormogonium growth stage, N. punctiforme
can initiate symbiosis with certain plant species (e.g.
Azolla, Macrozamia, Gunnera etc.) (Meeks 1998,
2006). For efﬁcient symbiosis, plants produce hor-
mogonium inducing factor that can convert a whole
population of N. punctiforme cells into the hormogo-
nium stage. Further, mutations affecting number and
size of pili in N. punctiforme have been shown to
decrease its competency to form symbiotic association
with the plants (Duggan et al. 2007). In light of this
information, it is speculated that PLS in N. puncti-
forme are important for symbiotic association with
plants. In contrast to peritrichous short/thin PLS, 1–2
long/thick PLS were found per ﬁlament, spanning a
region more than 10 lm2. Thus it can be speculated
that such long structures might facilitate interaction
with other distant cells (from same or different
species) or may help in communication with plants
during symbiosis (Duggan et al. 2007). Microbial
nanowires in G. sulfurreducens and other microor-
ganisms are also hypothesized to be involved in intra-
and interspecies electron transfer and have been
observed to interconnect cells from same or different
species (Gorby et al. 2006; Rotaru et al. 2014; Morita
et al. 2011; Reguera 2011; Summers et al. 2010).
Nevertheless, the function of these novel extracellular
structures of N. punctiforme remains to be clariﬁed.
Conclusion
In conclusion, we report the identiﬁcation of two
distinct types of PLS in N. punctiforme which differ in
their length and diameter—short/thin and long/thick
PLS. CAFM analysis of these PLS showed that they
are electrically conductive in nature. The role (if any)
that such electrically conductive PLS play in the cell
physiology and symbiosis with plants still needs to
worked out and will be an area of future research.
Acknowledgments The authors thank The Energy and
Resources Institute, India and Deakin University, Australia for
providing ﬁnancial support and required infrastructure to carry
Fig. 3 CAFM analysis of PLS from Nostoc punctiforme. I–V
spectra of PLS of a short/thin and b long/thick PLS from N.
punctiforme grown in normal culture conditions. c I–V spectra
of short/thin PLS from N. punctiforme cells grown under
continuous light intensity. Inset in each I–V graph is the
topographical AFM image of respective PLS. Inset in image b is
the topographical image of Fig. 2c. Red spot shows the position
where conductivity was checked. The long/thick PLS show
current in microampere (lA) range (b) while short/thin PLS
show current in nanoampere (nA) range (a, c)
Antonie van Leeuwenhoek
123
out the research work. SS was supported by Deakin University
HDR scholarship (Candidate ID—212082401).
Compliance with ethical standards
Conﬂict of Interest None.
References
Allen W, Phan G, Waksman G (2012) Pilus biogenesis at the
outer membrane of Gram-negative bacterial pathogens.
Curr Opin Struct Biol 22:1–7
Dodds WK, Gudder DA, Mollenhauer D (1995) The ecology of
Nostoc. J Phycol 31:2–18
Duggan PS, Gottardello P, Adams DG (2007) Molecular anal-
ysis of genes in Nostoc punctiforme involved in pilus
biogenesis and plant infection. J Bacteriol 189:4547–4551
El-Naggar MY, Wanger G, Leung KM, Yuzvinsky TD,
Southam G, Yang J, Lau WM, Nealson KH, Gorby YA
(2010) Electrical transport along bacterial nanowires from
Shewanella oneidensis MR-1. Proc Natl Acad Sci USA
107:18127–18131
Giron JA, Levine MM, Kaper JB (1994) Longus: a long pilus
ultrastructure produced by human enterotoxigenic
Escherichia coli. Mol Microbiol 12:71–82
Gorby YA, Yanina S, McLean JS, Rosso KM, Moyles D,
Dohnalkova A, Beveridge TJ, Chang IS, KimBH, KimKS,
Culley DE, Reed SB, Romine MF, Saffarini DA, Hill EA,
Shi L, Elias DA, Kennedy DW, Pinchuk G, Watanabe K,
Ishii S, Logan B, Nealson KH, Fredrickson JK (2006)
Electrically conductive bacterial nanowires produced by
Shewanella oneidensis strain MR-1 and other microor-
ganisms. Proc Natl Acad Sci USA 103:11358–11363
Khayatan B, Meeks JC, Risser DD (2015) Evidence that a
modiﬁed type IV pilus-like system powers gliding motility
and polysaccharide secretion in ﬁlamentous cyanobacteria.
Mol Microbiol. doi:10.1111/mmi.13205
Leung KM, Wagner G, Guo Q, Gorby YA, Southam G, Laue
WM, Yang J (2011) Bacterial nanowires: conductive as
silicon, soft as polymer. Soft Matter 7:6617–6621
Leung KM, Wanger G, El-Naggar MY, Gorby Y, Southam G,
Lau WM, Yang J (2013) Shewanella oneidensis MR-1
bacterial nanowires exhibit p-type, tunable electronic
behavior. Nano Lett 13:2407–2411
Malvankar NS, Vargas M, Nevin KP, Franks AE, Leang C, Kim
BC, Inoue K, Mester T, Covalla SF, Johnson JP, Rotello
VM, Tuominen MT, Lovley DR (2011) Tunable metallic-
like conductivity in microbial nanowire networks. Nat
Nanotechnol 6:573–579
Malvankar NS, Yalcin SE, Tuominen MT, Lovley DR (2014)
Visualization of charge propagation along individual pili
proteins using ambient electrostatic force microscopy. Nat
Nanotechnol 9:1012–1017
Meeks JC (1998) Symbiosis between nitrogen-ﬁxing
cyanobacteria and plants. Biosciences 48:266–276
Meeks JC (2006) Molecular mechanisms in the nitrogen-ﬁxing
Nostoc-bryophyte symbiosis. Prog Mol Subcell Biol
41:165–196
Meeks JC, Elhai J, Thiel T, Potts M, Larimer F, Lamerdin J,
Predki P, Atlas R (2001) An overview of the genome of
Nostoc punctiforme, a multicellular, symbiotic cyanobac-
terium. Photosynth Res 70:85–106
Morita M, Malvankar NS, Franks AE, Summers ZM, Giloteaux
L, Rotaru AE, Rotaru C, Lovley DR (2011) Potential for
direct interspecies electron transfer in methanogenic
wastewater digester aggregates. MBio 2:e00159-11
Nakasugi K, Neilan BA (2005) Identiﬁcation of pilus-like
structures and genes in Microcystis aeruginosa PCC7806.
Appl Environ Microbiol 71:7621–7625
Pelicic V (2008) Type IV pili: e pluribus unum? Mol Microbiol
68:827–837
Pisciotta JM, Zou Y, Baskakov IV (2010) Light-dependent
electrogenic activity of cyanobacteria. PLoS ONE
5:e10821
Reguera G (2011) When microbial conversations get physical.
Trends Microbiol 19:105–113
Reguera G, McCarthy KD, Mehta T, Nicoll JS, Tuominen MT,
Lovley DR (2005) Extracellular electron transfer via
microbial nanowires. Nature 435:1098–1101
Rotaru AE, Shrestha PM, Liu F, Shrestha M, Shrestha D,
Embree M, Zengler K, Wardman C, Nevin KP, Lovley DR
(2014) A new model for electron ﬂow during anaerobic
digestion: direct interspecies electron transfer to Metha-
nosaeta for the reduction of carbon dioxide to methane.
Energy Environ Sci 7:408–415
Summers ZM, Fogarty HE, Leang C, Franks AE, Malvankar
NS, Lovley DR (2010) Direct exchange of electrons within
aggregates of an evolved syntrophic coculture of anaerobic
bacteria. Science 330:1413–1415
Sure S, Torriero AA, Gaur A, Li LH, Chen Y, Tripathi C,
Adholeya A, Ackland ML, Kochar M (2015) Inquisition of
Microcystis aeruginosa and Synechocystis nanowires:
characterization and modelling. Antonie Van Leeuwen-
hoek 108:1213–1225
Vaara T, Vaara M (1988) Cyanobacterial ﬁmbriae. Methods
Enzymol 167:189–195
Vargas M, Malvankar NS, Tremblay PL, Leang C, Smith JA,
Patel P, Synoeyenbos-West O, Nevin KP, Lovley DR
(2013) Aromatic amino acids required for pili conductivity
and long-range extracellular electron transport in
Geobacter sulfurreducens. MBio 4:e00105-13
Antonie van Leeuwenhoek
123
